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Abstract
Pores that develop within kerogen particles make a significant contribution to the network flow capacity and hydrocarbon storage of carbonaceous mudstone reservoirs. It has
been suggested that development of Organic matter pores results from thermal degradation of kerogen. The range of thermal and subsidence histories of strata in the Western
Canada Foreland Basin provide an excellent framework in which to evaluate the influence of thermal maturity on organic matter micropore morphometrics, and the opportunity to evaluate clay microfabric characteristics. Imaging and pore characterization of mudstone samples from the Upper Cretaceous (Cenomanian-Turonian) Colorado Group of the
WCFB has been conducted using the focused ion beam/ scanning electron microscope
system in the Western Nanofabrication Facility. Interparticle pores between grains and
interparticle and intraparticle pores between /within clays contribute most of the porosity.
Clay fabrics with abundant edge-to-edge and edge-to-face contacts are mostly observed
in the forebulge and backbulge segments of the basin due to preservation from
compactional reorientation. Intraclastic aggregates and organomineralic aggregates are
recognizable across the basin. The shapes and spatial distribution of OM pores are highly
heterogeneous, which is probably controlled by maceral type, possibly modified by surface interface chemical reactions with clay minerals. There is no correlation between the
abundance of organic matter pores and thermal maturity. Organic matter pores in immature samples were probably produced during microbial degradation at relatively low temperatures. Additionally, widespread occurrence of intraclastic aggregates suggests prevalent conditions of seabed erosion and a relatively energetic depositional setting of the
mudstones.
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Chapter 1.
1.1

Introduction

Statement of the problem

Carbonaceous mudstone reservoirs have become a major gas resource in North America.
By 2010, dry gas and wet gas produced from shale gas reservoirs increased to 23% and
21%, respectively, of the total gas production of the United States (U.S. Energy
Information Administration 2010). Twenty shale gas plays were successfully developed
with a total of 750 trillion cubic feet (Tcf) gas resources (U.S. Energy Information
Administration 2010). In Canada, the estimated shale gas potential is greater than 1000
Tcf (Bustin 2005) and it contributes to half of Canada’s marketable natural gas resources
(Natural Resources Canada 2013). The major shale gas plays include the Horn River
Shale, the Utica Shale, and the Colorado Shale (Figure 1.1).
The Bakken shale is the largest tight oil field in the U.S. and is the first tight oil play that
developed in the U.S. The recoverable oil in the Bakken Shale was first estimated to be
151 million barrels in 1953 (Bell and Garratt-Reed 2003) which is significantly underestimated. The U.S. Geological Survey (Pollastro et al. 2008) estimated that there are about
3.65 billion barrels of oil. With the advance of horizontal drilling and hydraulic fracturing
technologies, oil production from the Bakken Shale increased from 5 barrels/day in 2000
to 260,000 barrels/day in 2010 and to 445,000 barrels/day in 2011 (Wentworth 1922).
The Bakken Shale and equivalent formations in Saskatchewan are already producing
commercial tight oil and gas (Natural Resources Canada 2013). The tight oil in Canada is
generally less well-developed as it is in the U.S., but with more exploration efforts and
technology revolution, the future is promising.
This study focused on the lower Colorado Group (Cenomanian to Turonian) of the Western Canada Foreland Basin. The lower Colorado Group consists of a predominantly marine succession that tapers eastward from the Rocky Mountains to the Manitoba Escarpment. Natural gas produced from the Colorado Shale has both biogenic and thermogenic
origins (National Energy Board 2009). The Pembina field is the largest conventional oil
and gas resource in Western Canada and the Cretaceous Cardium Formation is the most
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productive unit (Bozzola and Russell 1999; Lucia and Rojas 2009). The Cardium Formation had 10 billion barrels of oil in place, and more than 1.7 billion barrels have been
produced since 1953 (Egerton 2005). The major source rock is the Second White Specks
Formation. The Colorado Group is also identified as a shale gas play with a potential of
at least 100 Tcf (National Energy Board 2009). Jarvie (2011b) classified shale gas/oil
systems into three categories: tight shale (organic-rich shale with no open fracture), fractured shale (organic-rich shale with open fractures), and hybrid shale systems (interbedded organic-rich and organic-lean intervals). The lower Colorado succession exemplifies
the hybrid type, in which organic-rich calcareous mudstones are interbedded with silttone
and fine sandstones. Moreover, the hybrid shale-oil systems are believed to have larger
hydrocarbon potential compared with the other systems, as well as higher productivity
(Jarvie 2011a; Jarvie 2011b). This suggests that the lower Colorado mudstone play may
have hidden potential that is waiting to be discovered.
The importance of micropores within the mudstone system has not been emphasized until
the past decade. Permeability is lower and pore size in mudstone reservoirs is much
smaller compare to conventional reservoirs. The physical and mechanical properties of
sediments are largely determined by the microstructure (Bennett et al. 1991b). Therefore,
investigating the nanometer-scale pores may be the key to understanding hydrocarbon
flow in mudstone reservoirs, and possibly provide information about the geological history of the basin.
Furthermore, the nature of flow in mudstone reservoirs is still unclear due to complex
physical and geochemical properties resulting from highly heterogeneous pore structure.
Gas flow in organic or mudstone matrix could have non-Darcy characteristics (Wang and
Reed 2009). A quantitative model relating pore morphometrics and matrix permeability,
as yet undeveloped, is required to infer the contribution of microporosity to economic
flow rates. The technical limitations of using conventional petrographic methods for observing mudstone microfabric was the major barrier in the past. The combination of
Scanning Electron Microscopy (SEM) and Focused Ion Beam (FIB), a dual beam system,
opens a new way to analyse microfabrics. Over the past 10 years, a growing number of
studies have focused on the microporosity of mudrocks for both scientific and economic
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interests (Loucks et al. 2009; Schieber 2010; Fishman et al. 2012; e.g. Loucks et al. 2012;
Modica and Lapierre 2012).
There are two major styles of gas storage in mudstones: (1) chemical and/or physical absorption within organic matrix, and (2) as free gas in pores and fractures (Jarvie et al.
2007). Based on size, pores are classified as macropores (>50 nm), mesopores (2 nm – 50
nm), and micropores ( < 2 nm) (Beaunier and Boumendil 2010). Chalmers et al (2012)
suggested that mesopores and micropores contribute the most to the storage sites for
methane ( size of methane molecule 0.38 nm). Similarly, Wang and Reed (2009) indicated that a large proportion of gas is stored in organic matter pores (pores developed
within kerogen, with a typical diameter of less than 100 nm, see Chapter 6) in Barnett
Shale. Therefore, the mesopores and micropores are particularly important to shale gas
due to their higher capacity to absorb methane and store free gas.
Additionally, 2D and 3D studies of pores in mudstones indicated that organic matter
pores are typically well-connected (Ambrose et al. 2010; Curtis et al. 2010; Passey et al.
2010; Sondergeld et al. 2010). Wang and Reed (2009) suggested that gas permeability in
organic matter is significantly higher than it is in the matrix of mudstones. Therefore,
quantifying the distribution of sizes and shapes of organic matter pores could be the key
to understanding hydrocarbon storage and flow within mudstone reservoirs.
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Figure 1.1 Map shows major shale gas basins in Canada (from Boggs 2006).

1.2

Hypothesis

Among all the types of micropores of mudstones, the organic matter pores attract more
attention from researchers (Loucks et al. 2009; Schieber 2010; Fishman et al. 2012;
Loucks et al. 2012; Milliken et al. 2013). OM pores not only contribute to hydrocarbon
storage and flow capacity, but also potentially provide evidence of the generation of hydrocarbon residing within that pore system. During catagenesis, kerogen macerals are
thermally decomposed through pyrolysis and cracking to form petroleum and natural gas
(Tissot and Welte, 1978). Therefore, there is a possible connection between presence of
organic matter (OM) pores and the degree of thermal maturation of kerogen. Earlier stud-
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ies suggested that the abundance of OM pores corresponds to a high degree of maturation
(Tissot and Welte 1978; Loucks et al. 2009; Curtis et al. 2010). This research tests the
hypothesis that there is a positive correlation between OM pore development and thermal
maturity of source rocks.

1.3

Purpose of Study

The purpose of the study is to document and interpret the types of microporosity preserved in carbonaceous mudstones of the Lower Colorado Group across the Western
Canada Foreland Basin (WCFB), and to investigate morphometric properties of OM micropores and their relationship to thermal maturity. The results can be used to predict
storage and flow of hydrocarbons within microporosity, and could provide physical evidence of basin evolution.
Main objectives are to:
•

Identify and characterize different pore types in the lower Colorado Group of the
WCFB

•

Document the degree of correlation between organic matter pores and thermal
maturity

•

Evaluate the morphometric heterogeneity of organic matter pores

•

Relate the depositional process of clay aggregates ( or ‘organominerallic aggregates’ referred to Macquaker et al.(2010a)) to the preserved microfabric

1.4

Approach

In the past few years, different pore type classifications have been described in organicrich mudstones (Loucks et al. 2009; Curtis et al. 2010; Milner et al. 2010; Passey et al.
2010; Schieber 2010; Sondergeld et al. 2010; Elgmati et al. 2011; Loucks et al. 2012). A
comprehensive classification of pore types has been proposed by Loucks et al. (2012).
The three major pore types are interparticle (interP) pores, intraparticle (IntraP) pores,
and organic-matter (OM) pores. Understanding pore morphology can provide insight into
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how oil and gas migrate within the nanometer-scale pore networks of the mudstones.
Prior published research on the Mississippian Barnett Shale indicated that OM pores are
well-connected and provide more effective porosity for hydrocarbon migration compared
with interP pores and IntraP pores (Wang and Reed 2009). To date, the majority of research has focused on a limited number of shale gas plays including the Barnett Shale
(Jarvie et al. 2007; Wang and Reed 2009; Curtis et al. 2010; Passey et al. 2010), the Marcellus Shale (Curtis et al. 2010; Milner et al. 2010; Chalmers et al. 2012), and the Horn
River Shale (Curtis et al. 2010; Milner et al. 2010).
The broad areal extent of the WCFB and the availability of samples throughout the basin
provide an excellent framework for studying organic matter micropore morphometrics in
relation with thermal maturity. Furthermore, the thick and relatively well preserved Colorado marine mudstones across the basin are ideal for analysis and comparison of clay aggregates and microfabrics from the foredeep, forebulge, and back-bulge area with distinct
depositional and burial process.
In order to address these questions, focused ion beam (FIB) milling was used to prepare
samples for scanning electron microscopy (SEM) image capture. The abundance and distribution of different pore types were quantified by 2D image analysis (Chapter 8). This
work contributes to a better understanding of development and distribution of nanometerscale pores, and may potentially provide guidance for developing exploration models and
risk management of shale gas/oil resource plays.

1.5

Structure of the thesis

This thesis contains nine chapters:
Chapter 1 introduces the problem, defines the purpose of the study and describes approaches that are necessary to solve the problem and exam the hypothesis.
Chapter 2 covers a general background of the geological history of the study area, mudstone diagenesis and deposition processes, and gives a review of the mudstone microporosity.
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Chapter 3 describes the methodologies that were applied in this study, including Focused
Ion Beam and Scanning Electron Microscope system, Rock-Eval 6 analysis, and petrographic image analysis.
Chapter 4 describes the major minerals in the sampled unit under SE and BSE images.
Chapter 5 presents the interparticle (InterP) pores and intraparticle (IntraP) pores. It identifies different sub-pore types of the lower Colorado Group mudstones.
Chapter 6 introduces background information regarding kerogen and discusses the characteristics of OM pores.
Chapter 7 illustrates the variety of clay aggregates in the sample suite. The morphology
of aggregates reflects the deposition process.
Chapter 8 presents a synthesis of observations and discussions. This chapter aims to
evaluate the qualitative relationships between burial history and micropore preservation,
factors that may control development and heterogeneity of OM pores, and the depositional mechanism of the Lower Colorado Group mudstones.
Chapter 9 summarizes the important results and lists the key contributions of the thesis.
Additionally, this chapter suggests remaining questions and opportunities for future research.
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Chapter 2.
2.1

Literature Review

Basin Setting

The Western Canada Foreland Basin (WCFB) is a northeasterly-tapering clastic sedimentary wedge that extends from the Canadian Shield to the Cordilleran thrust belt (Cant
1989; Leckie and Smith 1992) (Figure 2.1). The basin formed during the second major
phase (late Jurassic- early Eocene) of the Western Canada Sedimentary Basin (WCSB).
Prior to the foreland basin phase, the WCSB comprised a stable cratonic platform on the
western 1 (dominantly passive) margin of the North American Plate (Proterozoic to late
Jurassic) (Price 1994).
Foreland basins are highly asymmetrical, elongate or arcuate depressions that develop
between a contractional orogenic belt and an adjacent craton (DeCelles and Giles 1996).
Continent-continent collision, ocean-continent collision, and subduction zone roll-back
can cause crustal shortening, development of compressional orogenic belts, and the subsequent formation of foreland basins through crustal flexure resulting from orogenic loading (Allen and Allen 2009). Foreland basins can be classified as retroarc or peripheral
basins based on tectonic settings. The former develop on the upper plate, and the latter
develop on the lower/subducted plate (Allen and Allen 2009). The WCFB developed on
the North America plate and therefore it is a retroarc basin. The foreland basin system
comprises four depozones: the wedge-top, foredeep, forebulge, and the back-bulge depozone (DeCelles and Giles 1996) (Figure 2.2).
The collision of tectonostratigraphic terranes from the Pacific and the western edge of the
North American craton produced the Cordillera and the associated WCFB (Peper 1993;
Wright et al. 1994) (Figure 2.1). The collision events occurred in two distinct orogenic
episodes.
The collision of the Intermontane Superterrane (which includes the Stikinia, Cache Creek,
Quesnellia and Slide Mountain tectonostratigraphic terranes) with the North American
1

orientation relative to the current plate configuration
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craton during the middle Jurassic to Paleogene produced the Columbian Orogeny. This
orogeny resulted in the building of the Intermontane Belt and the Omineca Belt suture
zone. Structural thickening and crustal loading caused the early formation of the WCFB
and the Rocky Mountain Belt (Wright et al. 1994).
The collision of the Insular Superterrane (which includes the Wrangellia and Alexander
Terranes) and the Intermontane Superterrane during mid-Cretaceous to Eocene produced
the Laramide orogeny, and the subsequent Insular Belt and the Coast Belt suture zone.
During the collision, the Intermontane Superterrane was pushed northeastward over the
craton and lead to the formation of the WCFB and the Rocky Mountain fold and thrust
Belt. In addition, the northwest movement of the Insular Superterrane produced rightlateral strike-slip fault systems, which became a major structural fabric of the Canadian
Cordillera (Price 1994).
The Foreland (Rocky Mountain), Intermontane, and Insular Belt comprise volcanic and
sedimentary rocks with low grade (sub-greenschist) metamorphism. In contrast, the
Omineca Belt and the Coast Belt are marked by high grade (amphibolite to granulite)
metamorphism and plutonsim (Price 1994; Craw and Leckie 1996; Monger and Price
2002; Ricketts 2008).
Evolution of the WCFB is directly connected to the Columbian and Laramide Orogenies
that produced the Cordilleran belt (Leckie and Smith 1992; Price 1994). As a result of
maximum flexural subsidence close to the orogenic front, the WCFB is filled with a
westward thickening wedge. Six clastic wedges were identified by Stockmal et al. (1992),
and each of the wedges is related to the major tectonic events of the Cordillera. In ascending order, they are named Fernie and Kootenay Groups (Jurassic to Barremian), Mannville Group (Aptian to middle Albian), Upper Fort St. John Group and Dunvegan Formation (late Albian to Cenomanian), Smoky Group and Belly River Formation (Turonian to
Campanian), Edmonton Group (Masstrichian), and Paskapoo Formation (Paleocene).
The Fernie and Kootenay Groups clastic wedge is restricted to the western part of the basin and unconformably overlies the Triassic to Devonian units. The initial deposition of
the Fernie Group coincides with the beginning of collision between the Intermontane su-
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perterrane and the North America plate (Stockmal et al. 1992). The marine shaly Fernie
Formation coarsens upward into the non-marine sandstone of the Kootenay Formation.
This transformation reflects continental accretion due to collision and records the transition of the WCSB from the passive margin stage to the foreland basin stage (Cant, 1989).
The Mannville and the Upper Fort St. John- Dunvegan Clastic wedges were deposited
during accretion of the Insular superterrane (Stockmal et al. 1992). The Mannville Group
unconformably overlies Jurassic to Precambrian units as a result of isostatic rebound and
erosion. Generally, the Mannville Group records an upward transition from non-marine
sandstone to shallow marine sandstone. At least 400 kilometres of shoreline progradation
can be demonstrated in the deltaic Dunvegan Formation (Plint 2000; Plint 2013). The
deposition of the Smoky Group and Belly River Formation, the Edmonton Group and the
Paskapoo Formation is correlated with the accretion of the Chugach and Pacific Rim terranes (Stockmal et al. 1992).
The Colorado Group (Albian to early Campanian, the Joli Fou Formation to the First
White Speck Formation) (Natural Resources Canada 2013) is dominated by marine shale,
with several sandstone units (e.g. the Viking Formation and the Cardium Formation). It is
economically important due to its high hydrocarbon potential (Kolb 2013).
The evolution of the WCFB was terminated by the late Paleocene to Eocene crustal extension in the central part of the Cordillera (mainly Omineca and Intermontane Belts)
(Price 1994; Miall et al. 2008). The extension exposed metamorphic rocks from a maximum depth of 25 km within the Omineca Belt. The basin underwent post-orogenic
isostatic uplift and subsequent erosion, during which up to two kilometers of the Mesozoic and Cenozoic strata have been removed (Beaumont 1981).
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Figure 2.1 Map showing the location of the Western Canada Foreland Basin (WCFB). The orogenic belts of the
Canadian Cordillera are indicated. The WCFB is located between the Rocky Mountain Belt and the Canadian
Shield. (From Ricketts 1989)

Figure 2.2 A schematic cross-section shows four major depozones in a retroarc foreland basin system (the yellow
coarse stipple area) (the wedge-top, foredeep, forebulge, and back-bulge). The miogeoclinal units are indicated
by the diagonally ruled area (from DeCelles and Giles 1996).
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Figure 2.3 Paleogeographic evolution of the Western Canada Foreland Basin. (1) Early Jurassic (180 Ma). The WCSB is at a passive margin stage. (2) Late Jurassic (150
Ma). Collision of Intermontane Superterrane and the North American Plate , initiating the foreland basin stage. The centre of the WCFB is transgressed by the Boreal
sea. (3) Early Cretaceous (115 Ma) and (4) Late Cretaceous (85 Ma). The Cenomanian-Turonian Greenhorn transgression resulted from global sea-level rise. (5) Paleocene (60 Ma). Regression during the final stage of foreland basin evolution established a fully continental depositional setting in the WCFB. (6) Present. Study area is
outlined in yellow. (Reconstruction images from Ron Blakey, http://jan.ucc.nau.edu/rcb7/nam.html)
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2.2

Stratigraphy and Paleogeography of the lower Colorado
Group

The Upper Cretaceous Colorado Group is located within the WCFB and consists of a
predominantly marine succession that tapers eastward from the Rocky Mountains to the
Manitoba Escarpment. The basin has been flooded episodically by two major marine
transgressions, the early Albian Joli Fou (Kiowa-Skull Creek sea) and the late Albian to
Late Turonian Greenhorn transgression (Hitchon 2009). Maximum transgression was
reached during the Greenhorn (Figure 2.3), where the mixture of the cold water of the
northern Boreal Ocean and the warm water of the southern Tethys Ocean completely
flooded the basin and formed the Western Interior Seaway (WIS) which extended from
the Arctic Ocean to the Gulf of Mexico.
Numerous researchers have proposed general stratigraphic correlation schemes for the
Colorado Group (Bloch et al. 1993; Nielsen et al. 2003; Pedersen 2004; Tyagi et al. 2007;
Roca et al. 2008; Plint et al. 2009). The subdivisions of the Colorado Group vary because
they are developed or revised based on different methods, such as allostratigraphy (Plint
2000; Tyagi et al. 2007; Roca et al. 2008; Plint et al. 2009), lithostratigraphy (Bloch et al.
1993), and biostratigraphy (Schröder-Adams et al. 1996). The nomenclature suggested by
Bloch et al. (1993) has been widely adopted, although the diachronous nature of the
lithostratigraphic subdivisions has been noted (Tyagi, et al., 2007). In ascending order,
the Fish Scales Formation, the Belle Fourche Formation, and the Second White Specks
(SWS) Formation of the Colorado Group are the three units that are the focus of this research. Tyagi et al. (2007) redefined the boundary between the Belle Fourche Formation
and the SWS Formation in Southeast Alberta and Southwest Saskatchewan (Figure 2.4).
The development of a basinwide allostratigraphic framework is a work in progress by the
Plint and Cheadle research groups at the University of Western Ontario.
2.2.1

The Westgate Formation

The late Albian was a period of major marine transgression in the WCFB, which led to
the expansion of the Mowry Sea (from Wyoming to the Arctic and from the Rocky
Mountain Foothills to eastern Manitoba) and the deposition of the Westgate Formation
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(Schröder-Adams et al. 1996). The Westgate Formation is a succession that is dominated
by dark, laminated marine shale in the northwest and gradually thins to the south with
increasing silty interbeds. It constitutes an overall coarsening upwards sequence that is
subdivided into three allostratigraphic units (WA, WB, and WC) which are separated by
three major marine flooding surfaces (WE1, WE2, and WE3) (Roca et al. 2008). The
formation thins from approximately 400 m in northwestern British Columbia to 20 m in
western Manitoba (Bloch et al. 1993; Schröder-Adams et al. 1996). At the base of the
Westgate Formation, benthic foraminifera are abundant and horizontal trace fossils are
also present, indicating a well-oxygenated benthic environment (Schröder-Adams et al.
1996). At the top of the formation, the coarsening upward sequence, as well as increases
in bioturbation and foraminiferal species upwards suggest shallowing of the basin
(Schröder-Adams et al. 1996).
The Westgate Formation contains dominantly Type III kerogen (section 6.1.3) which
suggests a terrestrial source. Additionally, it is characterized by a relative low Total Organic Carbon (TOC) and hydrogen index (HI). The TOC is less than 2% due to oxic bottom water environment where most organic matter is consumed by organisms. The HI is
less than 140 mg HC/g and decreases from west to east. This distribution pattern indicates that the source of organic matter mainly came from the Cordilleran mountain belt.
(Bloch et al. 1993; Schröder-Adams et al. 1996; Buckley and Tyson 2003).
2.2.2

The Fish Scales Formation

The Fish Scales Formation (Early Cenomanian) is mainly claystone to mudstone and is
well- laminated. It is characterized as a condensed section that resulted from a prolonged
period of sediment starvation (Pollastro et al. 2008). Roca et al. (2008) recognized two
allostratigraphic units, FA and FB of the Fish Scales Formation, and three boundaries
FE1, BFS (Base Fish Scale), and FSU (Fish Scale Upper) in ascending order. The FE1
surface is an erosion surface and it merges with the BFS marker towards the south and
east. The composite surface of FE1 and BFS is well-known as the Base Fish Scale
Marker (Roca et al. 2008), which is a thin lag (centimeter to millimeter scale) that has
abundant fish remains (mainly bones and teeth) as well as other vertebrate remains (e.g.
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turtles and birds) (Cumbaa and Tokaryk 1999). The well log response of the BFS is recognized by a sharp increase in gamma ray and resistivity responses. Schröder-Adams et
al. (1996) suggested that this sharp contact and the change in agglutinated species may
indicate that there was a period of marine erosion at the formation boundary. However,
Roca et al. (2008) proposed that the ‘hot’ gamma ray of BFSM corresponds to an anoxic
event rather than an erosion surface due to the fact that gamma ray response is significantly weakened in the northwest.
The FSU is dominated by wave-rippled sandstone/siltstone, which suggests that it was
deposited above storm wave base (Plint 2000). The log response of the FSU is highly radioactive and increases toward the east and south. Roca et al. (2008) interpreted the FSU
as a major regional downlap surface, therefore, it is a basin-wide marker in stratigraphic
surface correlation. It also defines the base of the Dunvegan Formation (Plint 2000). Below the FSU marker, mudstones are dark, bentonitic, and rich in fish scales, indicating a
deep water environment by marine transgression; above the marker, mudstones are sideritic and lack fish scales, indicating a shallow water environment by the progradation of
the Dunvegan delta (Aleklett 2012). The high concentration of fish scales in the Fish
Scales Formation consistently suggests a low sedimentation rate during deposition.
The incomplete mixing of the Tethyan and Boreal waters lead to density stratification,
and anoxic bottom water (Schröder-Adams et al. 1996). Consequently, the presence of
benthic foraminifera in the Fish Scales Formation was limited compared to the Westgate
Formation. Furthermore, the kerogen is better preserved due to bottom water anoxia. The
Fish Scales Formation has an average TOC content of 3.2 wt.% and the kerogen is a mixture of type II and type III (Bloch et al. 1993; Buckley and Tyson 2003).
2.2.3

The Belle Fourche Formation

The Belle Fourche Formation conformably overlies the Fish Scales Formation. This unit
is mainly composed of mudstone and siltstone and coarsens upwards. Bloch et al. (1993)
suggested that there is a rapid increase in calcareous content towards the top of the Belle
Fourche Formation, which is normally marked by a coarse bioclastic lag (up to 5 cm
thick). Bentonites (ash falls which are altered into smectite, illite, or a mixture of clays)
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are common. Volcanic activity in the Cordilleran belt is the major source of bentonites.
The dating of igneous minerals within the bentonites can be used to infer the time of volcanism. A regional bentonite can be very useful in stratigraphic correlation. There are
two basin wide bentonite markers in this formation, the X bentonite and the Bighorn
River Bentonite. The X bentonite is equivalent to the B bentonite (Krause et al. 1994) in
Saskatchewan and can be traced to Dunvegan allomember C to the north (Plint 2000;
Tyagi et al. 2007). The X bentonite has a 206Pb/238U zircon age of 95.87+ 0.10 Ma
(National Energy Board 2009). The Bighorn River Bentonite (Tyagi et al. 2007) lies immediately below the Cenomanian-Turonian boundary and has a 206Pb/238U zircon age of
94.29 ± 0.13Ma (National Energy Board 2009).
Ridgley et al. (2001) suggested that the X bentonite is located at the boundary between
underlying non-calcareous and overlying calcareous shale, which reflects a change in water mass boundaries rather than a formation boundary. Similarly, Tyagi et al. (2007) indicated that the X bentonite at Burnt Timber Creek is located above the base of the Sunkay
Formation rather than the base of the Vimy Member (Cenomanian-Turonian boundary).
Their study indicated that the red bentonite, which can be traced to a few meters above
the base of the Vimy Member, should be the boundary between the Belle Fourche Formation and the SWS Formation (Figure 2.4). Additionally, Tyagi et al. (2007) suggested that
the red bentonite is equivalent to the B bentonite in Colorado, and Kansas which is just
below at the C-T boundary.
The cool waters of the Boreal Ocean dominated the basin during Belle Fourche time, resulting in a lack of coccoliths in the formation (Schröder-Adams et al. 1996). The circulation of the WIS was dominated by storm events which increased the oxygen level
(Schröder-Adams et al. 1996). By the end of the Cenomanian, as a result of rising sea
level, the presence of coccoliths at the top of the Belle Fourche Formation suggests the
first presence of Tethyan warm water in the WCFB (Schröder-Adams et al. 1996).
The anoxic environment during the deposition of Fish Scales Formation was changed to a
dysoxic environment. Increased detrital input also re-introduced type III kerogen, resulting in a higher type III contents as compared with the Fish Scales Formation. TOC (<2%)
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and HI (<200 mg HC/g) are generally low in the Belle Fourche Formation in the west due
to a high sedimentation rate where it is close to the Dunvegan delta source. In the east,
TOC (up to 8%) and HI (up to 275 mg HC/g) is more abundant (Bloch et al. 1993;
Buckley and Tyson 2003).
2.2.4

The Second White Specks (SWS) Formation

The Second White Specks (SWS) Formation was deposited during the latest Cenomanian
to the early Turonian Greenhorn transgression when water depths in the WIS reached
their maximum (Schröder-Adams et al. 1996). Sea level during peak Greenhorn transgression was estimated to be 200 m to 300 m (Leckie and Smith 1992). However, Plint et
al. (2012a) suggested that water depth was overestimated, and their study indicated the
water depth was probably no more than 70 m.
The northward migration of warm Tethyan water introduced abundant coccoliths to the
Canadian part of the WIS. The white speckled appearance of this formation is attributed
to abundant fecal pellets which are composed of calcareous coccolith debris (Bloch et al.
1993). The SWS Formation is dominated by calcareous claystone to siltstone in southeastern Alberta and grades to calcareous siltstone innorthwest Alberta (Bloch et al. 1993).
The calcareous content generally increases to the east (Kolb 2013). In Manitoba, the
SWS Formation is equivalent to the Keld Member of the Favel Formation, which is
highly calcareous (Krause et al. 1994; Oil And Gas Quarterly 2013).
The lack of benthic foraminifera and non-bioturbated mudstones are evidence of an anoxic environment during deposition of the SWS Formation. Higher productivity and bottom water anoxia helped preserve type II kerogen (Schröder-Adams et al., 1996). However, Plint et al. (2012a) identified abundant inoceramids and benthic forams within the
SWS Formation, therefore, they suggested the depositional environment is not anoxic.
The SWS Formation has a relatively high TOC and is a potential hydrocarbon source
rock. In the northwest, TOC (2-4%) and HI (<300 mg HC/g) are generally low due to
higher sedimentation rate which dilutes the organic content, whereas to the east TOC is
up to 12% and HI can be greater than 420 mg HC/g (Bloch et al. 1993; Schröder-Adams
et al. 1996; Buckley and Tyson 2003).
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Figure 2.4 A revised allostratigraphic correlation of the Lower Colorado Group by Tyagi et al. (2007). The
boundary between the Belle Fourche Formation and the Second White Specks Formation corresponds to the
Bighorn River Bentonite (red bentonite) based on radiometric ages and allostratigraphic markers (see text for
detail) (From Tyagi et al. 2007). 1Radiometric date (40Ar/39Ar) from Ridgley et al. (2001). 2Radiometric date
(206Pb/238U ) from Barker et al. (2009).

2.3

Subsidence and Burial History

2.3.1

Subsidence mechanism and foreland basin system

Subsidence history refers to the changes of elevation of a basement surface with time
(Miall 2010). Subsidence can be caused by the attenuation of the crust due to stretching
and erosion, thermal contraction of the lithosphere, and tectonic and sediment loading.
Tectonic subsidence and subsidence in response to sediment loading are two major elements that contribute to the total subsidence (Allen and Allen 2009). Additionally, dynamic subsidence contributes to total subsidence in a foreland basin system (Catuneanu
2006) (Figure 2.5).
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Flexural subsidence is the wavelength deflection of the lithosphere in response to tectonic,
sediments, and water loading (Figure 2.6). Wavelength is controlled by the flexural rigidity of the lithosphere. With greater flexural rigidity, the flexural wavelength is broader
and therefore leads to formation of a wider basin. The maximum deflection is a function
of the flexural rigidity and magnitude of loading (Allen and Allen 2009).
Flexure of the lithosphere separates a foreland basin into foredeep, forebulge, and backbulge depozones (Figure 2.5). A foredeep is located at the frontal tip of the orogenic
wedge where thick successions have accumulated and undergone rapid subsidence. The
source of sediments is mainly the orogenic belt and accumulation rate increases toward
the orogenic belt (DeCelles and Giles 1996). In contrast to the foredeep, a forebulge exists where the lithosphere is uplifted during loading, and migrates towards the orogenic
belt/craton in response to flexural subsidence/uplift (Figure 2.6). It is generally considered as an elevated zone of non-deposition or erosion; therefore, the resulting unconformities can be used to locate its position (DeCelles and Giles 1996). A back-bulge is a depozone located between the forebulge and the craton which undergoes slow subsidence
during loading. During unloading, the foredeep and back-bulge undergo uplift whereas
the forebulge experiences subsidence (Figure 2.6).
Dynamic subsidence of the lithosphere is caused by a viscous drag force of thermal flow
in the underlying mantle (‘corner flow’ between the subduction plate and the overlying
plate) (Catuneanu 2004). The rate of dynamic subsidence decreases toward the distal part
of the basin (Figure 2.5). Subsidence in a retroarc foreland basin is primarily controlled by
orogenic loading and dynamic subsidence, whereas sediment/water loading are secondary
components (Catuneanu 2004).
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Figure 2.5 Schematic cross section of a retroarc foreland system shows the main subsidence mechanisms and the
overall basin-fill geometry. Three major mechanisms that control subsidence of a foreland basin are flexural
tectonics, dynamic subsidence and sediment loading. (from Catuneanu 2006).
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Figure 2.6 Schematic diagram shows the flexure of lithosphere during periods of static loading and unloading in
the fold and thrust belt. Loading phases 1, 2, and 3 progressively narrow and deepen the basin, and move the
forebulge closer to the loading. In contrast, basin becomes shallower and wider during unloading phases 4, 5,
and 6. (Beaumont et al. 1993)
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Subsidence history can provide insights into basin-forming mechanisms and can be reconstructed by the backstripping technique. Backstripping was first proposed by Watts
and Ryan (1976). As the name implies, it is a process that reverses depositional processes
by progressively removing stratigraphic units from the top, with a correction for both
isostatic and compaction effects (Roberts et al. 1998). The advantage of backstripping is
that it can remove the subsidence due to sedimentary loading and model tectonic subsidence history, which allows a comparison of the subsidence history of different basins
that have undergone unique sedimentation histories (Allen and Allen 2009; Xie and
Heller 2009). Compaction, water depth, and sea level are key inputs in the backstripping
method to reconstruct the total subsidence curve (Miall 2010). Compaction can be calculated by the changes in porosity with depth. Water depth is determined based on the assemblage of benthic fossils and trace fossils, and sea level estimation relies on the global
sea level chart by Haq et al. (1987), updated after Vail (1977) (Allen and Allen 2009;
Miall 2010). Generally, the tectonic subsidence curve of a foreland basin is characterized
by a convex-up curve due to flexural subsidence that resulted from episodic thrust loading events as compared with other types of basins (Figure 2.7) (Allen and Allen 2009; Xie
and Heller 2009).

Figure 2.7 Tectonic subsidence curves of different foreland basins. 1—Eastern Avalonia, Anglo-Brabant fold
belts; 2—Southern Alberta Basin; 3—San Rafael Swell, Utah; 4—Pyrenean foreland basin, Gombrèn; 5—Swiss
Molasse basin (Xie and Heller 2009).
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2.3.2

Subsidence history of the Western Canada Foreland Basin

The subsidence history of the WCFB is closely related to the evolution of the Canadian
Cordillera. In general, five major subsidence/uplift events can be identified in the WCFB
foredeep region. The initial subsidence began in the Kimmeridgian and continued to Berriasian due to tectonic loading of accreted terranes onto the North American plate (Price
1994). The non-marine Kootenay Group was deposited in the south and graded to marine
shale and sandstones of the Minnes Group in the north (Beaumont 1981). The rate of subsidence reached over 100 m/Myr. Clastic sediment inputs mainly came from the south,
with sedimentation rates ranging from 58 m/Myr to 133 m/Myr (Chamberlain et al. 1989).
This was followed by the Valanginian to Barremian isostatic uplift event, which resulted
in widespread erosion and development of the sub-Mannville unconformity (Chamberlain
et al. 1989; Price 1994).
The second subsidence event took place from the Aptian to early Campanian. During this
stage, the WCFB underwent relatively continuous tectonic subsidence with minor uplift
events (Peper 1993). The subsidence rate was as high as 150m/Myr in the North. Chamberlain et al. (1989) suggested that the rapid subsidence was due to the collision of the
micro-continent ‘Cordilleria’ with the North American craton in central Yukon. During
Aptian to early Albian time, the non-marine Mannville Group was deposited in the south
and graded to the open marine Lower Fort St. John Group in the north, fed by sediment
from the south (Beaumont 1981; Chamberlain et al. 1989; Price 1994). The sedimentation
rate ranged from 11 m/Myr to 74 m/Myr (Chamberlain et al. 1989). The mid-Albian to
early Campanian was a major transgressive period, resulting in deposition of the marine
Colorado Group in the south and the marine Upper Fort St John Group and Smoky Group
in the north. The global sea level rise also contributed to the subsidence. The subsidence
rate was higher in the south, which indicated a southward movement of tectonic loading.
Additionally, the source area of sediments changed to the northwest of the basin and
sedimentation rate ranged from 13 m/Myr to 125 m/Myr (Chamberlain et al. 1989). Price
(1994) suggested that changes in subsidence and deposition pattern were the result of
southward transformation of the Tintina trench-northern Rocky Mountain trench (TTNRMT) fault zone into compressional deformation.
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The third major subsidence event during the mid- Campanian to Paleocene was suggested
to result from tectonic loading (Peper 1993). The subsidence rate of the southwest of the
foreland basin was significantly higher than in previous stages. During the middle to late
Campanian, the marine Bearpaw Formation shale, the Belly River Formation sandstone,
and the marine Pakowki Formation shale and sandstone were deposited in the south of
the basin. Most of the sedimentary record in the north was lost due to later uplift and erosion. Both subsidence rates and sedimentation rates increased towards the south and
reached a maximum of over 120 m/Myr during the late Campanian (Chamberlain et al.
1989). During the latest Campanian and Maastrichtian, the foreland basin was dominated
by the deltaic Edmonton Group /Wapiti Formation. The sedimentation rate was up to 80
m/Myr during this peroid (Chamberlain et al. 1989). Additionally, the erosion of Paleocene sediments makes it difficult to estimate the sedimentation and subsidence rates.
The final stage of the subsidence history was marked by the Eocene isostatic uplift and
erosion because of the change from transpressional deformation to transtensional deformation between North America and the accreted terranes (Price, 1994).The uplift was
approximately 2.5 km in the southwest and gradually decreased to 1 km in the northeast
(Wright et al. 1994).
2.3.3

Thermal history and burial history

The subsidence of a basin can lead sediments and organic matter to undergo diagenesis
and eventually metamorphism when they are subjected to high temperatures and pressures. The thermal history of stratigraphic units are determined by temperature-dependent
indicators, such as organic (vitrinite reflectance (section 6.1.5)), mineral (clay mineral
transformation (section 2.4.2)), and thermalchronometric (e.g. Apatite fission track analysis) parameters. These proxy or absolute paleogeothermometers are used to calibrate estimates of paleotemperature based on assumptions of basal heat flow, thermal conductivity, and geothermal gradient. A successfully calibrated thermal history model provides a
satisfactory prediction of both maximum burial temperature and current formation temperature (estimated from well drilling) (Allen and Allen 2009).
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Burial history reconstruction involves integration of subsidence and thermal history, with
the aim of modeling the thermal maturity and time of hydrocarbon generation of a source
rock (Figure 2.8).
Vitrinite reflectance (VR or %Ro) is the percentage of reflected light from a vitrinite surface under directly incident light (Van Krevelen 1993). The technique was invented to
evaluate coal ranks but is also applicable in kerogen evaluation. Higher %Ro suggests an
ordered, aromatic kerogen structure (Bennett et al. 1991a), which can be used to indicate
thermal maturity (see Chapter 6). %Ro commonly displays a linear relationship with increasing depth because older units have higher thermal maturity than the younger units.
An abrupt lateral offset of %Ro on a %Ro vs. depth profile indicates an unconformity
(Allen and Allen 2009). Therefore, it can be used to estimate the amount of erosion, interpret burial depth, and correlate burial history model. Formation temperature is mainly
used for temperature calibration, including thermal gradient and basal heat flow estimation (Allen and Allen 2009). In practise, the burial history analysis is conducted using
software, such as Schlumberger's PetroMod suite, to generate a burial history diagram
(Figure 2.8).
2.3.4

Burial History of the lower Colorado Group

Figure 2.8 is a 1-D burial history model showing the burial history of the lower Colorado
Group in the WCFB foredeep. The major period of subsidence of the WCFB took place
during Laramide deformation and reached maximum burial depth in the Eocene (Peper
1993; Wright et al. 1994; Roberts et al. 2005). In well 16-18-52-5W5, the maximum burial depth of the Colorado Group was about 3 km and the %Ro is between 0.4% and 0.5%
(Figure 2.8). Source rock with %Ro less than 0.5% suggests that it is thermally immature
and therefore has probably not generated hydrocarbon (assuming that the labile kerogen
content was otherwise adequate). Eocene uplift and erosion terminated further maturation
of the lower Colorado Group at this location.
The distribution of thermal maturity of the Colorado Group is consistent with basin wide
variation in burial depth. With greater burial depth in the southwest close to the orogenic
belt, the Colorado Group is thermally overmature and decreases to thermally immature
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towards the northeast (Figure 2.9). Locally, variation of thermal maturity may be affected
by local structures (e.g. thrust faults), anomalous heat flow and thermal conductivity (the
Peace River Arch), and unique maceral composition (Bustin 1991).

Figure 2.8 Burial history diagram (right) of well 16-18-52-5W5. Vitrinite reflectance (Top left) and temperature
(bottom left) were used to calibrate the model (refer text for details) (Higley et al. 2009).

Figure 2.9 Regional map showing average Tmax (section 3.2 and 6.1.5) indicating the thermal maturity of undifferentiated Colorado Group. Generally, Tmax greater than 465°C, source rock are overmature; Tmax less than
435°C, source rocks are thermally immature; Tmax between 435°C and 465°C is thermally mature. Data are
obtained from legacy GSC open file reports (as indicated by the white dots) and new Rock-Eval data of sampled
wells (stars). Sampled wells are indicated by the red dots.
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2.4

Mudstone Diagenesis

Diagenesis refers to the post-depositional physical and chemical changes to sediments
and organic matter before metamorphism (Weaver 1989; Meunier 2005; Potter et al.
2005). Chemical changes of the mudstone during diagenesis have two distinct stages: an
early diagenesis with active biological processes and reduction reactions, and a late
diagenesis driven by chemical processes (Rouquerol et al. 1994; Potter et al. 2005).
2.4.1

Early diagenesis

Early diagenesis is normally considered to occur in an open system. The depositional environment plays an important role in early diagenesis by influencing oxygen fugacity in
bottom waters. In the marine environment, the diagenesis of mudstones and the preservation of organic matter during shallow burial (normally <10 m) strongly depends on the
oxygen level of the pore water. Three levels of oxygen are well recognized: anoxic (O2<=
0.2 ml/l (ml O2 per liter)), dysoxic (0.2 ml/l <O2<= 1.0 ml/l), and oxic (O2> 1.0 ml/l)
(Figure 2.10).
In an oxic environment, oxygen from the water column can diffuse into mud at the sediment-water interface over a short distance. Bioturbation is intense and reaching 10 cm
below the sediment-water surface (Potter et al. 2005). Additionally, bioturbation can extend the oxygen zone deeper. Oxygen is rapidly consumed by the decay of organic matter,
which also produces bicarbonate:
𝐶𝐻3 𝐶𝑂𝑂𝐻 + 2𝑂2 → 2𝐻 + + 2𝐻𝐶𝑂3− .

Dissolved calcium in the seawater will bond with bicarbonate and precipitate as calcite.
Siderite precipitation occurs if there is free iron. When oxygen in the interstitial waters is
depleted, the biota begin to consume sulfate (sulfate reduction), producing H2S and bicarbonate (Potter et al. 2005):
𝐶𝐻3 𝐶𝑂𝑂𝐻 + 𝑆𝑂42− → 2𝐻𝐶𝑂3− + 𝐻𝑆2

28

Consequently, H2S will react with iron oxide to form iron sulfides. Monosulfide, such as
mackinawite (FeS1-x) and griegite (Fe3S4), form first and because they are not stable, they
will eventually transform to the end member, stable pyrite as single crystals or framboids
(McNeil and Caldwell 1981). The overall reaction equation is:
3𝐻2 𝑆 + 𝑆 + 𝐹𝑒2 𝑂3 → 2 𝐹𝑒𝑆2 + 3𝐻2 𝑂

Finally, when sulphate is consumed, it is followed by the bacterial degradation of organic
matter mostly via carbon dioxide reduction:
2𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 𝐻 + + 𝐻𝐶𝑂3− + 𝐻2 𝑂

and methane will be generated during this process, which is also referred to as microbial
methanogenesis (Potter et al. 2005). The early diagenesis path in a dysoxic environment
is similar to that of an oxic environment, but with less bioturbation and faunal diversity.
Anoxic conditions are conducive to organic matter preservation and the formation of hydrocarbon source rocks. The low dissolved oxygen concentration restricts the decay of
organic matter so that it can persist through early diagenesis (Potter et al. 2005) (details
of organic matter evolution see section 6.1). With increasing temperature during burial,
kerogen is degraded by pyrolysis, releasing hydrocarbons in the stage called catagenesis.
With continued burial and heating, the residual ("refractory" or "dead") carbon that is retained following catagenesis becomes progressively more ordered, ultimately approaching a graphite-like state during the metagenetic phase.
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Figure 2.10 Mudstone environments defined by oxygen and sulphur levels in the bottom seawater and pore water. Arrows indicate the rock properties that correspond to each environment and can be used as well to interpret original oxygen and sulphur levels. Bioturbation increases with higher oxygen level, whereas TOC and pyrite content decrease. The color of the mudrocks is darker when oxygen level is low. The sizes of pyrite framboids decrease with increase H2S content. (Potter et al. 2005)

2.4.2

Late diagenesis

The subsidence rate and the thermal gradient are the principal controls on late diagenesis
of mudstones (Potter et al. 2005). Generally, late diagenesis during deep burial is a
chemical equilibrium process, including formation of new minerals (e.g. illite- smectite
transformation, see below), and recrystallization (e.g. Opal-A to quartz sequence, see below).
Dioctahedral smectite will transform into illite or a mixed layer illite-smectite phase, in a
process known as the illite- smectite (I/S) transformation (Singer and Muller 1983). Similarly, trioctahedral smectite will transform into chlorite, and this is termed the chlorite/smectite (C/S) transformation. Mudstones are typically rich in dioctahedral smectite
at the time of deposition (Potter et al. 2005), therefore the I/S transformation is one of the
most significant reactions during late diagenesis (Weaver 1989). The I/S transformation
can proceed on two distinct pathways, as shown in the following reaction equations
(Essene and Peacor 1995):
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or

𝑠𝑚𝑒𝑐𝑖𝑡𝑖𝑡𝑒 + 𝐾 − 𝑓𝑒𝑙𝑑𝑠𝑝𝑎𝑟 → 𝑖𝑙𝑙𝑖𝑡𝑒 + 𝑞𝑢𝑎𝑟𝑡𝑧 + 𝑛𝐻2 𝑂
2𝐾 + + 𝑠𝑚𝑒𝑐𝑖𝑡𝑖𝑡𝑒 → 𝑖𝑙𝑙𝑖𝑡𝑒 + 𝑞𝑢𝑎𝑟𝑡𝑧 + 2𝐻 + + 𝑛𝐻2 𝑂.

The first reaction uses K+ from detrital K-feldspar and the second uses K+ from solution.
As the transformation proceeds, irregular smectite-illite mixed layers convert into more
euhedral, thicker and well-ordered illite (Meunier 2005; Potter et al. 2005). The chloritesmectite transformation is analogous to the I/S transformation, but requires Mg2+as the
substituted cation.
The I/S transformation has been extensively studied in relation to thermal history (Keller
1963; Hancock and Taylor 1978; Burtner and Warner 1986; Scotchman 1987; Glasmann
et al. 1989; Shaw and Primmer 1989; Compton 1991; Lanson et al. 2002; Schieber 2010).
Some researchers suggested that the onset of the I/S transformation coincides with hydrocarbon maturation and therefore could be used as a proxy indicator of hydrocarbon thermal maturity (Hancock and Taylor 1978; Burtner and Warner 1986; Schegg and Leu
1996). However, Weaver (1989) indicated that the burial temperature associated with the
first occurrence of authigenic illite varies between basins, and can range from 55 °C to
100 °C. Therefore, the I/S transformation provides only an approximate measure of reaction progress for burial history, and the transition temperature should be calibrated before
use (Potter et al. 2005).
In addition to clay mineral transformations, silica will transform to a stable state via recrystallization during diagenesis. Opal-A, opal-CT, and quartz have the same chemistry
but with increasing crystalline structure stability (Singer and Muller 1983; Potter et al.
2005). With increasing burial, and corresponding pressure and temperature increases, the
opal-A will transform to opal-CT, and finally to quartz (Singer and Muller 1983).
The transition from diagenesis to metamorphism of mudstones is marked by the transformation of illite from 1Md (disordered one-layer monoclinic) to 2M (two-layer monoclinic, a stable stacking sequence) micas (Wang and Reed 2009), and by the complete
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degradation of organic matter (Potter et al. 2005). The diagenesis of organic matter will
be discussed in Chapter 6.

2.5

Mudstone Microporosity Studies

Initial porosities of muds range from 60-80% at the time of deposition, and typically decline to less than 10% during burial. This porosity loss is largely due to physical compaction in the first kilometer of burial (Bridge and Demicco 2008). Pore sizes of mudstones
are approximately 200 nm at 1 km. As burial depth increases, pore size decreases to less
than 40 nm (Katsube and Williamson 1994).
Pore generation and evolution in mudstones have been discussed by Loucks et al. (2012)
and Schieber (2010). Schieber (2010) suggested that the I/S transformation is important
to micropores because it causes diagenetic growths of clay platelets. Moreover, authigenic clays and silica minerals are produced during the transformation and will occlude
pores (Schieber 2010; Loucks et al. 2012). Kim et al. (1998) observed that pores above
the I/S transition zone are randomly distributed whereas below the I/S transition zone
show preferred orientation and are subparallel to bedding. They suggested that the mineral transformation during late diagenesis plays an important role, which essentially controls the abundance, distribution, and orientation of pores.
Numerous recent papers have focussed attention on microporosity present in disseminated organic matter in mudstones. Jarvie et at. (2007) first proposed that the abundance
of OM pores is directly related to decomposition of organic matter, which implied that
thermal maturity is the key factor controlling the development of the OM pores. Similar
hypotheses relating the development of OM pores to thermal maturation prevailed in
early studies (Loucks et al. 2009; Curtis et al. 2010; Schieber 2010). However, recent
studies by Curtis et al. (2012a), Fishman et al. (2012), and Loucks et al. (2012) suggested
that the development of OM pores does not necessarily correlate with increasing thermal
maturity. In some cases, OM pores are not present in high maturity samples. Other factors, such as different kerogen types and biodegradation, would also have influence on
the presence of OM pores (Schieber 2010; Fishman et al. 2012).
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Chapter 3.
3.1

Methodology

Sampling Procedure

The well selection process was made from the public domain database of Western Canada oil and gas wells using geoSCOUT  software. The initial selection was to identify
wells that have data between the geoSCOUT data formation tops, the K2nd_ws (the Second White Specks Formation) and Kbfs (the base of Fish Scales marker). The result was
then manually filtered based on the length of the cored interval, well log characteristics,
estimated thermal maturity from legacy Rock-Eval data, and proximity to cross-sections
made by Tyagi et al. (2007). Ultimately, thirteen wells (nine in Alberta and four in Saskatchewan) were selected for evaluation (Table 3.1). These wells span the WCFB and
cover a wide range of thermal maturity in the lower alloformations of the Colorado
Group (Figure 2.9). A total of 305 samples were collected from unpreserved cores in the
Energy Resources and Conservation Board (ERCB) Core Research Laboratory in Calgary,
and the Saskatchewan Subsurface Geological Laboratory in Regina. Core sampling was
limited by administrative approvals in both of the facilities, but efforts were made to take
samples at a regular interval of one to three meters in order to reduce selection bias.
Table 3.1 Wells selected in this study with number of samples.



geologic systems ltd. All rights reserved.
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3.2

Rock-Eval 6

The Rock-Eval apparatus is used to characterize the pyrolysis characteristics of organic
matter and has been widely applied in the petroleum industry since the late 1970s (Chave
et al. 1962; Keller 1982). This method provides data on thermal maturity, kerogen type
and generative potential of source rocks which are critical to the evaluation of petroleum
systems and plays. The Rock-Eval 6 method is the most current version of the apparatus,
and details are described further in Lafargue et al. (1998) and Behar et al. (2001). RockEval 6 programmed pyrolysis analyses were conducted on the full sample suites from
wells 07-19-045-06W5 (w02), 07-34-035-01W2 (w09), and 03-22-055-25W3 (w10).
Representative chips were manually selected from the core samples to achieve an initial
sample weight of approximately 1 gram. The samples were manually pulverized in an
agate mortar and pestle to achieve a uniform powder consistency, and the powdered sample was transferred to a 12.5 ml plastic vial with an identifying label. The Rock-Eval 6
analysis was performed at the Geological Survey of Canada Laboratory in Calgary. The
technician at the GSC lab reground the homogenized samples, if required, to make up a
uniform 70 mg sample for pyrolysis testing.
The Rock-Eval 6 method evaluates the pyrolysis and oxidation properties of a sample
simultaneously (Figure 3.1). During the pyrolysis stage, a 70 mg sample is mounted and
heated in an inert atmosphere (helium or nitrogen) in a pyrolysis oven. Initially, the sample is heated at 300°C for three minutes to thermovaporize any free hydrocarbon phase,
which is recorded as the S1 curve by a flame ionization detector (FID) (Figure 3.2). Following the initial heating period, the temperature of the pyrolysis chamber increases at a
programmed rate of 25°C/min to a maximum temperature of 650°C. The FID continuously records the thermovaporization of hydrocarbons released from the cracking of
sedimentary organic matter during this ramp phase of the program. The relative volume
of generated hydrocarbons is represented by the S2 curve. The area underneath the S2
curve is referred to as the oil potential of the sample. The S1 and S2 are expressed in mg
HC/g rock. The temperature at the peak of the S2 curve, Tpeak, is converted to a thermal
maturity parameter Tmax (in °C) (for calculations see Appendix 2).
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Simultaneously, an infra-red cell detector monitors the release of CO2 (S3, S3’ in mg
CO2/g rock) and CO (S3CO, S3’CO in mg CO2/g rock) (Figure 3.3). The S3 corresponds
to organic CO2 released during the isothermal heating at 300°C and subsequent ramp to
400°C. The S3’ is CO2 from the thermal decomposition of carbonate minerals (e.g. magnesite and siderite) released from 400 °C to 650°C. Similarly, S3CO is CO of organic origin measured from beginning to 550°C, and S3’CO is CO with both organic and mineral
origin released due to reactivity of CO2 released during the thermal decomposition of
carbonates in the organic matter from 550°C to 650°C:
CmO2+Co→CmO+CoO (Cm and Co represents carbon with mineral and organic origin).
Following the pyrolysis program, samples are transferred to a combustion oven, where
they are heated from 300°C to 850°C in an artificial air environment to oxidize all remaining carbon, and the oxidation products are measured by the FID and recorded as the
S4CO2, S5 and S4CO (all in mg CO2/g rock) curves (Figure 3.3). S4CO2 and S4CO correspond to CO2 and CO that oxidized from remaining organic carbon below 650 °C. S5 corresponds to released CO2 during decomposition of carbonate minerals at a higher temperature above 650 °C (e.g. calcite and dolomite) (Lafargue et al. 1998).
Pyrolysable organic carbon (PC) is calculated using S1, S2, S3, S3CO and S3’CO (Figure
3.3). Espitalié et al. (1985) suggested that S1 and S2 contain 83% of the organic carbon,
the PC is expressed as following equation:
12

𝑃𝐶 = �(𝑆1 + 𝑆2 ) ∗ 0.83 + 𝑆3 ∗ 44 + �𝑆3 𝐶𝑂 +

𝑆3′ 𝐶𝑂
2

12

� ∗ 28� /10,

where the 12/44 and 12/28 terms account for the mass of carbon (atomic weight = 12) in
CO2 (atomic weight = 44) and CO (atomic weight = 28), respectively.
Residual organic carbon (RC) is a function of S4CO2 and S4CO:
𝑅𝐶 = (𝑆4 𝐶𝑂2 ∗

12
12
+ 𝑆4 𝐶𝑂 ∗ )/10
44
28
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The quantity of organic carbon in the rock, total organic carbon (TOC in weight %), is
the sum of PC and RC:
𝑇𝑂𝐶 = 𝑃𝐶 + 𝑅𝐶

Other parameters are listed in Appendix 1 and Appendix 2.

Figure 3.1 Schematic diagram shows serial process, pyrolysis and oxidation, of standard Rock-Eval 6 Complete
analysis (from Behar et al. 2001).
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Figure 3.2 Rock-Eval 6 pyrolysis shows the S1, S2 curve and Tpeak for sample W09.24 (141/07-34-035-01W2,
209.43m).

Figure 3.3 Analytical procedure for calculating the TOC by Rock-Eval 6 (from Behar et al. 2001).
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3.3

Focused Ion Beam/ Scanning Electron Microscope (FIB/SEM) System

Imaging and pore characterization of a subset of the selected samples have been conducted using the LEO (Zeiss) 1540XB Cross Beam Focused Ion Beam Scanning Electron
Microscope (FIB/SEM) workstation in the UWO Nanofabrication Facility. For each well,
a minimum of three samples were selected for image analysis. Selection criteria are based
on well logs (Figure 3.4). Samples were selected in an attempt to evaluate different
lithologies and allostratigraphic units within the cored intervals. A complete list of well
locations and sample depths are presented in Appendix 3.

Figure 3.4 Graphic core log (legend see Appendix 4) by Kevin Greff (left) and corresponding well log of 07-19045-06W5 (right). Open circles on the left of the stratigraphic column indicate sample points. The black dashed
lines on the well log mark the depths of samples selected for image analysis. W02.05 is from the SWS Formation
with high silt content. W02.47, W02.68, and W02.69 come from the Belle Fourche Formation, and the latter two
are mainly black shale with relatively high Hydrogen Index values.
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Small specimens (~10 mm × 10 mm × 5 mm) were carefully removed from core samples
using anvil snippers. Then specimens were attached to aluminum stubs by carbon tape
and coated with 5 nm osmium tetroxide using an Osmium Plasma Coater. Osmium coating increases sample conductivity and reduces damage from the electron beam during
imaging (electron charge). After coating, samples were transferred to the SEM stage, and
tilted to 54° for milling. Milling was performed on the edges of freshly broken samples,
and perpendicular to the bedding of the mudstone (Figure 3.5).

Figure 3.5 (A) Dual-beam microscope with loaded sample (W09.38) at 54° tilt (B) Schematic diagram shows
FIB/SEM setting.

FIB milling uses an accelerated Ga+ ion-beam to physically sputter materials away from
the shale surface via momentum transfer (ion-solid interaction) and therefore can create a
relatively flat surface for SEM imaging (Giannuzzi and Stevie 2005). Typically, it will
take approximately 15 minutes of milling to produce a 10 µm×10 µm FIB milled area.
Each sample will undergo at least 3 millings.
Striations, referred to as curtaining effects , are common artifacts that are produced during milling due to different hardnesses or thicknesses of materials (Giannuzzi and Stevie
2005) (Figure 3.6). Deposition of a platinum planarizing layer on the sample top could
control these artifacts but would require polishing the top surface first. Therefore, this
technique was not performed in the project due to budget constraints and the large num-
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ber of sections to be milled. Trapping of the accelerated Ga+ ions in a sample can cause
Ga contamination being detected in the EDX mapping. Hence, in EDX analysis, the Ga
element is normally eliminated. Additionally, ion milling can cause shrinkage cracks of
the sample (Taylor and Macquaker 2000), which are characterized by uniform pores
along the grain boundaries. Decompaction artifacts can also cause cracks, which are large
open pores or fractures resulting from the release of confining stress after the core was
brought to the surface (Figure 3.7). FIB-SEM samples were not "recompressed" to the
confining stresses of reservoir conditions. Consequently, the proportion of this void space
that would actually be open under subsurface conditions is unknown and is a potential
source of error. Heat damage is also induced during milling due to conversion of kinetic
energy to heat (Raiswell 1982). However, Giannuzzi and Stevie (2005) suggested that
local heating effects due to FIB milling were very small and therefore could be deemed
negligible.

Figure 3.6 SEM image shows curtaining effects (the yellow arrows) produced by FIB milling. WD= working
distance; Mag= magnification; EHT= electron high tension (accelerating voltage); QBSD= quadrant backscattering detector; FIB= focused ion beam; SEM= scanning electron microscopy. These acronyms are also used in
subsequent images in this chapter.
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Figure 3.7 SE image shows decompaction artifacts (indicated by white arrows) resulting from the release of confining stress after the core was brought to the surface. K= kerogen; Co= coccoliths.

SEM imaging of FIB-milled surfaces can provide surface textural and compositional information of mudstone microfabrics. Electrons are accelerated from an electron gun and a
detector gathers signals ejected from the specimen (Curtis et al. 2010; Elgmati et al.
2011). Secondary electrons (SE), backscattered electrons (BSE) and X-rays are the most
useful signals for imaging in this study. As a result of inelastic scattering, the incident
beam will interact with atoms in the sample and produce low energy secondary electrons.
The backscattered electrons are formed during elastic scattering (the electrons that only
change direction without losing energy or velocity) (Berner 1983). Therefore, the backscattered electrons (>50 eV) have higher energy compared to secondary electrons (<50
eV) (Figure 3.8).
Secondary electrons escape from the sample with low energies and are very sensitive to
elastic and inelastic scattering and thus reflect signals from a very thin layer (< 2 nm) of
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the surface (Reimer 2000; Worden and Morad 2003). The detector is located on the side
of the sample, therefore, the secondary electrons from the surfaces that face towards the
detector have a higher probability of detection, resulting in a "brighter" surface (Worden
and Morad 2003). This feature can be used to distinguish topographic contrast. Consequently, the SE image has a 3D appearance (e.g. Figure 3.6).
The number of generated backscattered electrons is proportional to the atomic number (Z)
(Worden and Morad 2003); therefore, the BSE image can distinguish elemental variability in samples. For example, in Figure 3.9B, iron (Fe) of pyrite has a high atomic number
of 56 will appear as a bright region and carbon (C) of kerogen, with a low atomic number
of 12, which will be dark gray. Backscattered electrons usually have high electron energies and can provide information from deeper below the sample surface as compared to
SE emissions. As a result, BSE imaging can reduce the curtain effects induced by the ionmilling process (Figure 3.9B). Additionally, backscattered electrons have a wide angular
range, which makes it difficult to detect all the signals resulting in a noisy image with
moderate resolution (Worden and Morad 2003). In this study, BSE images were especially important to identify clay fabrics and shapes because of the depth of investigation
of the backscattered electrons. This subsurface structure detection is also applied in biological studies (e.g. Figure 7.29 in Berner 1983).
Working distance (WD in the image) is the distance of the specimen below the objective
lens, and varies between 5 to 10 mm. Accelerating voltage (or electron high tension, EHT
in the image) used in SE imaging is very low, generally 1kV, which can protect the
milled surface from charging. Accelerating voltage for BSE images is 10 kV because it
requires more energy to generate detectable backscattered electrons as compared with
secondary electrons.
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Figure 3.8 Schematic energy spectrum of electrons emitted consisting of secondary electrons (SE) with ESE<50eV,
backscattered electrons (BSE) with EBSE>50eV (after Reimer 2000).

In addition to SE and BSE detection, the 1540XB workstation is equipped with an energy
dispersive X-ray spectroscopy (EDX) detector that captures characteristic X-ray emissions for elemental analysis. The characteristic x-rays are stimulated by an incident beam
composed of high-energy charged particles. The primary electrons may excite an innershell electron and cause it to jump to a higher energy orbit. The vacancy is later filled by
downward transition of an electron from higher level (Sweeney and Kaplan 1973;
Worden and Morad 2003). The energy released by this de-excitation is a form of characteristic X- ray emission. The energy of the X-rays is specific to the atom that generated
them, and depends on the atomic number Z and the quantum number of the energy level
(Worden and Morad 2003). Alternatively, auger electron emission can form when the
electron returns to its ground state and donates energy to another electron within the atom.
The characteristic x-ray spectra are mapped to determine the distribution of specific elements, as shown in Figure 3.10 (spot size is about 1μm). Figure 3.11 shows an EDX map
of the outlined area in the top image. Nine major elements are displayed. The combination (or map overlay) of elemental signals is used to infer the identity of mineral phases
or kerogen. For example, the presence of abundant carbon (C) corresponding to the re-
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gion of the darker grey particle in the centre of the SEM image implies that it is composed of kerogen. The overlays of Fe and S signals in the upper right region of the image
indicate a pyrite (FeS2) composition. The topographic structure from the SE and BSE images supports the conclusion that it is a pyrite framboid.

Figure 3.9 (A) SE image and (B) BSE view of the same milled section. Kerogen (k) is dark grey. Black areas are
pores, bright spots are pyrites (pyrite framboids (pf) and pyrite crystals)and grey objects are mostly clay minerals (cl) and quartz (q) in both of the images. Curtaining effects are strong in the SE image indicated by the yellow arrows. However, in the BSE images, the surface is relative smooth with only few notable curtaining effects
in the lower left (the yellow arrows). Notice that the resolution of the SE image is better than the BSE image.
Sample W11.12 (131/07-33-002-24W2, 982.50m).
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Figure 3.10 Example of elemental spectrum of EDX point analysis. The analysis point (~1 μm)is indicated in the
top image. The high Si and O content in the EDX spectrum indicate that the detrital mineral is quartz. Sample
10.15 (111/03-22-055-25W3, 311.75m).
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Figure 3.11 EDX mapping of outlined area in the top image. The first EDX map shows the element Carbon (C),
which suggests that the grey area in the SE image is kerogen. Similarly, the Si and O indicate quartz, and Fe and
S indicate pyrite. The Ca map indicates carbonate, and in this sample is represented by coccolith fragments.
The area rich in K, Al, and Mg imply clay minerals. Sample from well 03-22-055-25W3, 314.60 m.
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3.4

Visual examination of mineral content

Sample composition is roughly estimated by visual examination of SE and BSE images,
which is analogous to the estimation of mineral content in thin sections. In Figure 3.9 for
example, pyrite content is estimated to be 10%, quartz is 35%, kerogen is 30%, and clay
is 25%. The visual examination of porosity types is discussed in detail in Chapter 8.

3.5

Petrographic Image Analysis

Several SEM images were selected for organic matter pore size analysis. The measurements were made using Adobe Photoshop CS5 and public-domain ImageJ software. Image adjustment is mainly conducted using Photoshop. The raw image is in TIF format.
When it is imported into the Photoshop, the image mode is Index color and needs to be
changed to RGB color for editing. The first step is to adjust the image to a proper grey
level range (Figure 3.12). A good image contains true white, true black, and intermediate
grey levels (Sawlowicz 1993). In Figure 3.12A, the raw image shows low contrast. The
histogram in the dialog box has three arrow heads below the x-axis. To adjust the raw
image, drag the right arrowhead to the right edge of the distribution and the left arrowhead to the left edge of the distribution. In this way, the histogram is extended and includes true black and true white (Figure 3.12B). The image after adjustment shows good
contrast and brightness.
The exposure corrections in Photoshop are only done to optimize the thresholding process without altering the shape information in the image. After the exposure corrections,
the threshold tool is used to create a binary image, in which black color represents pores
and white color represents minerals and organic matter (Figure 3.17 B). The thresholded
pores comprise interparticle pores, intraparticle pores, and OM pores. Therefore, the third
step is an elimination process that erases all the interparticle and intraparticle pores
(Figure 3.17 C and D). The elimination is based on the exposure corrected image and
manually filters the interparticle and intraparticle pores, leaving only OM pores for
analysis.
The last step is to import this final binary image into ImageJ. Before measurement, image
scale calibration is necessary. This involves first measuring the scale bar in pixel units.
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For example, the scale bar (2 μm=2000 nm) in Figure 3.12 is 130 pixels. In the Analyze>
Set scale dialog, 130 is entered into the distance in pixels, and 2000 into known distance.
Set the unit of length into nm and press OK to calibrate the scale for the image. In the
Analyze>Set measurement dialog, select Area and limit to threshold (Figure 3.14). Next
go to Analyze>Analyze particles, select summarize and press OK (Figure 3.15). The result is shown in the summary dialog in Figure 3.16 and the porosity of this sample based
on image analysis is 5.30%. The potential source of error mainly comes from pores that
are induced by decompaction effects and artifacts. Estimation of this uncertainty is discussed in Chapter 8.
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Figure 3.12 Grey level adjustment of raw images on the top. The raw image is dark and in low contrast. To adjust gray level, drag the left and right arrowheads to the edge of the histogram. After this procedure, the histogram now contains true black and true white levels and image shows acceptable contrast. Sample W11.21
(131/07-33-002-24W2, 991.50m).
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Figure 3.13 Scale calibration process, with a scale bar of 130 pixels equal to a known distance of 2 µm. Same
image as Figure 3.12.

Figure 3.14 Select Area and limit to threshold in set measurement.
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Figure 3.15 Select Summarize in dialog box of Analyze Particles.

Figure 3.16 Summary of the ImageJ analysis result. % Area is the apparent visual porosity in the image.
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Figure 3.17 (A)SEM image after brightness and level adjustment by Photoshop. (B) The binary image of A after threshold settings. Note that the black regions in B are
the same as they are in A, and that these correspond to all pore types. (C) OM pores are manually selected by erasing the non-OM pores in the image. Most OM pores
display a round aspect. (D) An overlapped image of A and C confirming the accuracy of the elimination. Sample W10.21 (03-22-55-25W3, 319.75 m).
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Chapter 4. An Overview of the Lower Colorado Mudstones Imaged with the Scanning Electron Microscope
This chapter summarizes observations of the major minerals and related constituents of
the Colorado Group mudstones using Scanning Electron Microscopy. Together with EDX
analysis, it offers a qualitative analysis of mineralogy. Detrital minerals (mica, quartz,
feldspar and carbonate), authigenic minerals (smectite, illite, kaolinite and pyrite), fossils,
and organic matter will be described in the following sections. Due to the restricted field
of view of observations (typically < 30 µm), the observed mineralogy may only partially
reflect larger scale petrological attributes.

4.1

Detrital minerals

4.1.1

Mica

Micas are characterized by platy morphology and perfect basal cleavage. Figure 4.1
shows mica plates that are rotated and bent tangential to silt grains, due to compaction.
Figure 4.2 shows laminated clay-rich mudstone defined by parallel platy minerals. Additionally, authigenic clay minerals (e.g. kaolinite) and pyrite can crystalize between layers,
which causes layers to expand along the cleavage and broken ends of platy minerals
(Figure 4.2, Figure 4.3, and Figure 4.4). Generally, mica shows preferred orientation to
bedding (Figure 4.1 and Figure 4.2). Mica plates with broken ends are interpreted to be of
detrital origin (Krinsley et al. 2005).
On the secondary electron (SE) and backscatter electron (BSE) images, muscovite (K2
Al4 [Si6 Al2 O20] (OH, F)4), biotite (K2 (Mg, Fe+2)6-4(Fe+3, Al, Ti)0-2 [Si6-5Al2-3O20]
(OH,F)4), and phlogopite (K2 (Mg, Fe+2)6 [Si6 Al2 O20] (OH, F)4) are grey in colour and
are indistinguishable from each other. EDX can indicate muscovite based on elemental
analysis because, unlike biotite and phlogopite, muscovite does not contain Mg. Mica
with major elements of K, Al, and Si, suggests that it is muscovite (Figure 4.3). Figure
4.4 shows a mica indicated by the yellow arrow with minor Mg which suggests it could
be a biotite or phlogopite. However, due to the similar elemental composition of biotite
and phlogopite, EDX analysis is not capable of distinguishing between these two phases.
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Figure 4.1 BSE image illustrates micas with preferred orientations. Notice that the micas indicated by the yellow
arrows bend around the silt grain (q) due to compaction. The white spots are pyrite crystals and dark grey is
kerogen (k). Sample W04.07 (100/11-12-006-16W4, 620.57m). WD= working distance; Mag= magnification;
EHT= electron high tension (accelerating voltage); QBSD= quadrant backscattering detector; FIB= focused ion
beam; SEM= scanning electron microscopy.

Figure 4.2 BSE image shows micas (m) with preferred orientation. Notice that pyrite crystals (the white spots)
grow between the mica cleavage planes; this occurrence suggests that pyrite crystallization occurred after the
deposition of mica. Sample W08.03 (100/01-11-044-03W2, 15.90m).
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Figure 4.3 SE image shows a detrital mica (indicated by the yellow arrow) with broken ends. EDX mapping
shows the major elements of K, Al, and Si (indicated by the arrows) with the absence of Mg, confirming that it is
a muscovite. Sample W09.24 (141/07-34-035-01W2, 209.43m).
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Figure 4.4 BSE image shows detrital mica (the blue arrow). The mica plates are separated by authigenic pyrite
crystal growth in between. EDX analysis area is indicated by the yellow dash line. The major elements of the
mica, including K, Al, Mg, Si, and O , are identified by EDX (the yellow arrows). The presence of Mg suggests
that this mica is very likely to be a biotite (or phlogopite). Sample W10.21 (111/03-22-055-25W3, 319.75m).
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4.1.2

Quartz and Feldspar

In the sampled units, most quartz grains have apparent diameters of less than 16 microns
(fine to very fine silt) (Peters and Cassa 1994), with an equant, subrounded to rounded
shape. Figure 4.5 shows quartz overgrowth (the yellow arrows) with prismatic habit.
Overgrowth is suppressed (the blue arrows) where surfaces are in contact with pyrite. On
milled surfaces, examination of authigenic quartz requires scanning cathodoluminescence
(SEM-CL). The difference in CL characteristics between detrital and authigenic quartz is
evident in terms of color based on different wavelengths (e.g. authigenic quartz- non luminescent, volcanic origin- blue (Bond and Wignall 2010)). The 1540XB FIB/SEM
workstation was not configured to distinguish authigenic quartz from detrital quartz using
this technique.
The observed feldspar grains have similar apparent diameters as the fine quartz silt (less
than 16 µm). On SE and BSE images, quartz and feldspar are coloured grey. Therefore,
EDX is required to distinguish between these two minerals. The presence of Si and O exclusively is the diagnostic criterion for quartz (SiO2) (Figure 4.6 and Figure 4.8). Potassium feldspar (KAlSi3O8) is characterized by the major elements of K, Al, and Si (Figure
4.7 and Figure 4.8). The EDX mapping therefore indicates a similar composition as muscovite. However, the shape of grain can be used to distinguish them. Micas are platy minerals with visible cleavage (Figure 4.2 and Figure 4.4) whereas detrital feldspars are normally subrounded and lack perfect basal cleavage. Plagioclase (Na (AlSi3O8) – Ca
(Al2Si2O8)) (Figure 4.8) is rich in sodium, which suggests that it is albitic (e.g. albite Na
(AlSi3O8)). According to De Caritat et al. (1997), feldspars of the Belle Fourche Formation have predominantly albitic compositions.
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Figure 4.5 SE image illustrates quartz overgrowth. The yellow arrows indicate well-developed crystal surface of
quartz overgrowth. The overgrowth is apparently inhibited by pyrite, resulting in ragged surfaces (the blue arrows). Sample W09.38 (141/07-34-035-01W2, 224.52m)
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Figure 4.6 SE image shows a fine silt grain. The yellow arrows indicate overgrowth of quartz with welldeveloped crystal shape. EDX analysis of yellow outlined area confirms that the major elements are exclusively
Si and O (indicated by the red arrows), indicative of quartz composition. However, EDX cannot distinguish between the detrital core of the quartz silt grain and the authigenic quartz overgrowth. Additionally, a pyrite
framboid and disseminated pyrite crystals are identified by distinct morphology, colour, as well as EDX results
with the exclusive co-occurrence of Fe and S (the white arrows). Sample W02.69 (100/07-19-045-06W5,
1866.00m).
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Figure 4.7 SE image shows K-feldspar with the major elements of K, Al, and Si, as indicated in the EDX analysis
by the yellow arrows. Sample W10.21 (111/03-22-055-25W3, 319.75m).
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Figure 4.8 BSE image shows quartz, K-feldspar, and albite. Notice that in the EDX elemental mapping of the
yellow outlined region, the Si-rich area (the yellow arrows) indicates quartz, the Na-rich area (the red arrow)
represents an albite, and the K-rich area (the blue arrow) representing a K-feldspar. Sample W09.38 (141/07-34035-01W2, 224.52m).
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4.1.3

Carbonate

Most calcite grains in the sampled units are in the form of nanofossils (e.g. coccoliths, see
next section), with minor rhombohedral-shaped calcite crystals (Figure 4.9 and Figure
4.10). Figure 4.9 shows a chemically-zoned calcite as indicated by the yellow arrow. The
darker core is rich in Mg and the light rim is rich in Fe. De Caritat et al. (1997) suggested
that Fe-rich carbonate rims are common in the Belle Fouche Formation. Figure 4.10 illustrates extensive carbonate dissolution, which becomes secondary porosity which can
potentially contribute to hydrocarbon migration (see section 5.2.4). As indicated by EDX
mapping, the carbonate is rich in Mg and Fe, which suggests a ferroan dolomite composition (Ca (Mg, Fe+2, Mn) (CO3)2). Aragonite and high Mg calcite polymorphs are more
susceptible to dissolution than low Mg calcite (Tissot et al. 1987). The EDX indication of
a relatively high Mg content is potentially consistent with the observation of extensive
dissolution in this carbonate phase.

Figure 4.9 SE and BSE image (inset) illustrates a calcite crystal (yellow arrow). Notice that the calcite has a
lighter-toned rim. The calcite with higher Mg appears darker, whereas that with higher Fe appears brighter.
Sample W03.02 (100/16-28-041-04W5, 1824.58m).
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Figure 4.10 SE image shows carbonate dissolution. The dissolution is restricted to the rim. EDX mapping shows
that the carbonate (C) is rich in Mg and Fe (the yellow arrows), which suggests that it is a ferroan dolomite.
Quartz (q) is also indicated by the EDX mapping. SampleW02.68 (100/07-19-045-06W5, 1864.62m)
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4.2

Authigenic Minerals

4.2.1

Smectite, illite, and kaolinite

Illite, interlayered smectite/illite, and kaolinite are the major clay minerals in the Belle
Fourche Formation (Kupecz et al. 1997). SE and BSE imaging can only provide shape
information, but this can be useful when one mineral is authigenic. For example, detrital
smectite is characterized by either platy or wispy edges, referred to as “corn flake texture”
(Merinero et al. 2008) (Figure 4.11). Authigenic clays can be identified, in most instances,
by overgrowth relationships, grain-coating, and pore-filling habits.
Authigenic illite is characterized by lath-like or fiber-like morphology, which is known as
“hairy” illite or “ribbon” illite (e.g. figure 17 g & h in Ziegler 2006). During diagenesis,
the smectite-illite (S/I) transformation (section 2.4.2) will create S/I mixed layers. The
overgrowth of lath illite on smectite is a common occurrence, particularly at advanced
stages of the transformation (e.g. Figure 4 in Cornford et al. 1998). For example, Figure
4.12 illustrates an S/I mixed layer of lath illite (indicated by the yellow arrows) overgrowth on the edge of smectite.
Authigenic smectite and illite occur as alterations or transformations of other minerals or
growth in pore space during diagenesis. Pore-filling illite and smectite are very common,
and occur as bridges between detrital grains (Figure 4.13). Smectite and illite are also the
dominant grain-coating minerals. Figure 4.14 shows authigenic S/I completely coating
the detrital quartz. The coating minerals are very small, generally less that 1 µm. Ahmed
(2008) suggested that grain coating takes place during early clay transformation and the
pore-filling process can significantly reduce the porosity and permeability in a reservoir.
On BSE images, authigenic clay minerals with sizes less than 1µm generally have a
feathery appearance (Figure 4.4, Figure 4.14, and Figure 4.15). In this case, the resolution
of BSE is not sufficient for image analysis. A higher magnification method such as the
transmission electron microscope (TEM) would be more helpful to acquire the information, but such analyses were beyond the scope of this research project.
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In addition to smectite and illite, minor authigenic kaolinite was identified in the matrix,
as shown in Figure 4.16 and Figure 4.17. Both of the figures illustrate euhedral hexagonal
kaolinite with a well-developed booklet structure. Kaolinite in the Belle Fourche Formation are diagenetic, and mixed with the S/I layer and illite (Kupecz et al. 1997).

Figure 4.11 SE image illustrates “corn-flake” smectites. The platy morphology of smectite suggests a detrital
origin. Sample W05.09 (102/07-04-028-18W4, 1000.10m).
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Figure 4.12 SE image illustrates the S/I mixed layers of smectite with the overgrowth of lath-like illite (the yellow
arrows) on the edge of platelets. A pyrite framboid (py) is in the lower left of the image, and authigenic clays (the
blue arrows) are visible on the framboid surface. Sample W09.47 (141/07-34-035-01W2, 233.59m).
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Figure 4.13 BSE image shows that authigenic S/I growth in pore space occurs as bridges (the yellow arrow) between quartz (q) and clay minerals (cl). k=kerogen and py=pyrite framboid. Sample W22.03 (100/06-23-04311W4, 544.15m).

Figure 4.14 SE image shows grain-coating S/I. The “feathered” quartz (q) boundaries result from the coating of
authigenic smectite/illite. Sample W09.47 (141/07-34-035-01W2, 233.59m).
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Figure 4.15 BSE image illustrates authigenic clay (< 500 nm) overgrowth and coating detrital quartz (q). The
lath-like morphology (the yellow arrows) suggests that are probably illite. In comparison, detrital clays (the red
arrows) are generally greater than 1µm with platy shape. Sample W09.47 (141/07-34-035-01W2, 233.59m).
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Figure 4.16 SE image illustrates authigenic kaolinite booklets (the yellow arrows) in association with mixed layer
smectite/illite (the blue arrows). Sample W22.13 (100/06-23-043-11W4, 552.79m).

Figure 4.17 BSE image shows well-developed booklet kaolinite (yellow arrows) on a milled surface. q=quartz,
cl=clay, k=kerogen and py=pyrite framboid Sample W11.07 (131/07-33-002-24W2, 977.50m).
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4.2.2

Pyrite

Pyrite in mudstones is the major product of bacterial sulfate reduction, which only takes
place in an anoxic environment. Bacteria acts as an oxygen barrier which can rapidly
consume oxygen in the bottom water and prevent oxygen migration further into the sediments (Jiménez et al. 1998). Therefore, pyrite is common in organic-rich mudstones. Pyrite forms include pyrite framboids (Figure 4.4, Figure 4.6, Figure 4.12, Figure 4.13, and
Figure 4.18) and disseminated euhedral pyrite crystals (Figure 4.2). Pyrite framboids are
transformed from monosulfides (e.g. mackinawite, see section 2.4.2), whereas euhedral
crystals form via direct precipitation from solution (Grabowski et al. 2011; Furmann et al.
2013). Generally, framboids are associated with organic matter and euhedral crystals are
associated with detrital clay minerals (Koorevaar et al. 1983).
Raiswell (1926) and Sawlowicz (2013) suggested that there is a pathway between framboidal and euhedral pyrite, resulting from continued growth of monosulfides to framboidal pyrite and eventually to a euhedral crystal. There are three possible mechanisms: pyrite infilling/overgrowth, recrystallization, and framboid as an intermediate stage during
formation of euhedral crystal (Furmann et al. 2013). Therefore, the evolution of a pyrite
framboid can be indicated by its internal structure (e.g. Peters et al. 2005; Lucia 2007).
A well-developed spherical pyrite framboid is composed of octahedral microcrystals (P4
in Figure 4.18). Overgrowth of pyrite crystals in a framboid is very common in early
diagenesis, and results from continuous sulfate-reducing bacterial activity in the presence
of available iron and void spaces (Peters et al. 2005). P3 in Figure 4.18 illustrates thin
rimming due to pyrite overgrowth. As a consequence, the size of individual pyrite crystals increases and the intercrystalline pores are reduced (P3 and P2 in Figure 4.18). In
some cases, pyrite overgrowth of outermost crystals can produce prismatic rimming
(Figure 4.19). As the overgrowth and recrystallization proceed, the framboid structure
will transform to a subeuhedral crystal (P1 in Figure 4.18) and eventually into a single
euhedral crystal.
It has been suggested that the oxygen fugacity in bottom water governs the mean size of
pyrite framboids (O’Brien and Slatt 1990; Wilkin et al. 1996; Morse and Arvidson 2002).
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Under anoxic conditions (see section 2.4.2), pyrite framboids are characteristically abundant and small (mean size 5 µm) (O’Brien and Slatt 1990). With increasing oxygen fugacity, the size of pyrite framboids increases, but they become less common. Under lower
dysoxic conditions (weakly oxygenated bottom water), the mean size of framboids is between 6 – 10 µm, whereas in upper dysoxic conditions (partial oxygen restriction in bottom water), the size of framboids can be greater than 50 µm (Morse and Arvidson 2002).
The size of pyrite framboids in the Belle Fourche Formation is generally less than 10 µm
with mean size around 5 µm (e.g. Figure 4.4, Figure 4.5, Figure 4.6, Figure 4.9, Figure
4.12, and Figure 4.13), and a few range up to 30 µm (e.g. Figure 4.20), which suggests an
anoxic to lower dysoxic pore water environment. Pyrite replacement also occurs in bacteria. For example, Figure 4.21 illustrates bacteria replaced by pyrite. The original rodshaped structure is well-preserved, with sizes of about 10 μm in length and 2 μm in width.
The bacteria are likely to be rod-shaped Bacilli (e.g. Bacillus).
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Figure 4.18 BSE image illustrates the generation sequence of the four pyrite framboids. The degree of overgrowth and recrystallization can be used to identify the authigenic sequence of the framboids. P1 underwent
extensive recrystallization and transformed into a subeuhedral crystal with complete loss of framboid structure.
P2 exhibits framboid structure but most intercrystalline pores are occupied by overgrowth. P3 is partially obscured by pyrite overgrowth with thin pyrite rimming. P4 show absence of overgrowth, therefore it is interpreted to be the last formed. The sequence of P4-P1 reflects pyrite framboid evolution. Sample W22.10 (100/0623-043-11W4, 550.64m).
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Figure 4.19 BSE image shows over growth of pyrite forming prismatic rimming (e.g. Figure 5 in Roberts et al.
(2005) ) around the framboid. Sample W21.05 (102/16-18-023-03W4, 658.28m).

Figure 4.20 BSE image illustrates a cluster of pyrite framboids. Sample W21.18 (102/16-18-023-03W4, 667.87m).
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Figure 4.21 SE image shows bacteria replaced by pyrite. The rod-shaped morphology of the bacteria is preserved, but complete pyritization prevents definitive classification. Sample W11.12 (131/07-33-002-24W2,
982.50m).

4.3

Fossils

Fecal pellets (Figure 4.22 and Figure 4.25) are common in the upper Belle Fourche Formation and the SWS Formation, providing the distinguishing “white speck” characteristic
commonly observed in these formations. They are mainly small fecal pellets (less than 10
mm) from fish (Benton and Harper 2009). Autotrophic phytoplankton such as coccolithophorid is at the base of the marine food chain and is a major food source for fish; their re-

mains are incorporated into the fecal pellets.
Coccolithophorids (a unicellular nanoplanktonic algae, less than 63um), develop circular
calcium carbonate plates, known as coccoliths (e.g. Figure 4.23), that are incorporated
into a spherical exoskeleton called a coccosphere (e.g. Figure 4.24). A typical coccosphere usually contains 10 to 30 coccoliths (Benton and Harper 2009). The death of a
coccolithophorid leads to the breakdown of the coccosphere, which disarticulates into
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individual coccoliths. In a BSE image, coccoliths are slightly brighter compared to the
surrounding quartz and clay minerals because of higher atomic number of Ca in calcite
(Figure 4.25). Coccoliths show great morphological diversity in the sampled units (e.g.
Figure 4.22 and Figure 4.26), and are typically concentrated within fecal pellets either as
intact plates or broken fragments.
In addition, foraminifers (shelled protozoans) are common microfossils in the lower
Colorado Group. Figure 4.27 illustrates a foraminifer with the original wall structure.
The chambers have also been filled with clay minerals and, possibly, calcite cement. Two
foraminifer species with well-preserved walls are recognized on the broken surface in
Figure 4.28. Coccoliths and forams are constructed from different calcite polymorphs.
Coccoliths are low-Mg calcite and forams are high-Mg calcite. The latter polymorph is
more soluble (Friedman 1964; Morse and Arvidson 2002) which makes the forams more
susceptible to dissolution. Due to the relatively small area of milling (generally < 20 µm
in width) as compared to the size of a foram (mostly are hundreds of microns in length),
it is very hard to identify them on the milled sections. The carbonate in Figure 4.10 with
dissolution is possible a foram.

Figure 4.22 BSE image shows a fecal pellet (blue outlined) mainly composed of coccolith fragments. Sample
W05.03 (102/07-04-028-18W4, 991.03m).
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Figure 4.23 SE image shows a well-preserved coccolith. The skeleton structures are clear and visible. Sample
W10.10 (111/03-22-055-25W3, 304.95m).

Figure 4.24 SE image shows a coccosphere (indicated by the yellow arrow). Sample W01.01 (100/14-07-03605W5, 2298.75m).
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Figure 4.25 BSE image shows the margin of a fecal pellet (outlined in yellow). The fecal pellet is mostly composed of kerogen (k), clay minerals (cl), and coccolith fragments (Co). The coccoliths are brighter since they are
mainly calcite and Ca has a higher atomic number, compared to Si in quartz (q). Sample W07.01 (100/02-34024-15W4, 798.35m).
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Figure 4.26 BSE image shows the diversity of coccoliths in a fecal pellet. Sample W22.13 (100/06-23-043-11W4,
552.79m).

Figure 4.27 This thin section photomicrograph shows a planktonic foraminifer (the green arrow). The chamber
walls are composed of original calcite, whereas the chambers are filled with cement (possibly calcite). Sample
W10.22 (111/03-22-055-25W3, 322.33 m)
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Figure 4.28 SE image shows two foraminifer species. The right one (the red arrow) is Heterohelix sp. (Bloch et al.
1993). The one on the left (the yellow arrow) is partially covered, therefore, it is hard to identify the species, appears to be longitudinal view of Neobulimina sp.(Bloch et al. 1993). The original chamber walls are well preserved. Sample W22.13 (100/06-23-043-11W4, 552.79m).

4.4

Organic Matter

Organic matter (OM) in the SE and BSE images appears dark grey in colour. In EDX
analysis, a strong carbon (C) signal is indicative of kerogen (Figure 4.3-Figure 4.8).
There are three types of maceral: inertinite, vitrinite and lignite (Tissot and Welte 1984;
Taylor and Glick 1998). The morphology of organic matter on a broken surface can be
used to suggest maceral types (see Chapter 6). Inertinite and vitrinite are of terrestrial origin, whereas liginite is of marine origin. Inertinite is non-reactive during diagenesis.
Therefore, it has a well-defined boundary and can be easily recognized by the wellpreserved structure of tracheids (Figure 4.33) (Falcon-Lang and Scott 2000). Vitrinite is
characterized by conchoidal fracture. Liginite shapes vary depending on the origin of organic matter.
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On ion-milled surfaces, the mode of OM can be categorized into four different types: disseminated organic matter, discrete particles, lamellar (Figure 4.29), and organomineralic
aggregates (OMA). The disseminated OM is normally patchy, wispy, and very thin
(length can be less than 100 nm) (Figure 4.30). It is commonly observed between clay
platelets and clay aggregates, at grain boundaries, or associated with coccolith fragments.
The discrete organic particles are typically rounded to elongated in shape. Liginite,
vitrinite, and inertinite can be present as discrete particles (Figure 4.31). Inertinite macerals commonly have well-defined boundaries (Figure 4.29 and Figure 4.33). Inertinite is
generally greater than 10 µm, which is larger than other types of kerogen. Additionally,
discrete palynomorphs (acid-resistant organic-walled microfossils) may also have the
well-defined structure of spores, pollen, dinoflaggelates, acritarchs and chitinozoa (Figure
4.32).
The lamellar organic particle is believed to be related to the growth of micro-algal mats
on the seafloor (Fishman et al. 2012); therefore, lamellar kerogen is of marine origin. Detrital minerals, such as quartz and clay are normally associated with the lamellar kerogen
(Figure 4.29). They are trapped in the microbial mats by their sticky extracellular polysaccharides (Fishman et al. 2012).
Unlike lamellar organic particles, OMA (see Chapter 7) are formed in the water column
by biochemical and electrical attraction between clay particles and disseminated organic
matter (Macquaker et al. 2010a). Due to compaction, OMA are easily deformed and generally display a preferred orientation, which is parallel to the bedding (Figure 4.29 and Figure 4.31).
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Figure 4.29 SE image shows different modes of organic matter particles (as indicated by the yellow arrows). The lamellar kerogen mixture includes organic matter, clay
minerals, quartz, and pyrite crystals (the blue arrows). Sample W04.07 (100/11-12-006-16W4, 620.57 m).
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Figure 4.30 SE image shows disseminated organic matter (the yellow arrow). Sample W11.12 (131/07-33-00224W2, 982.50 m)
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Figure 4.31 SE image shows discrete organic matter particles (the yellow arrows) and lamellar organic matter
mixed with clay and quartz (the blue arrows). OM pores are abundant. Sample W08.01 (100/01-11-044-03W2,
10.81 m).

Figure 4.32 SE image shows discrete organic matter particles with well-defined shape. The origin of this organic
matter could be a spore. The original sphere shape was compressed (‘deflated basketball’) (Peters 1986). The
blue arrows point to the cell wall, which has a uniform thickness. Sample W11.21 (131/07-33-002-24W2,
991.50m).

83

Figure 4.33 BSE image shows organic matter (dark grey in the middle) originates from terrestrial plants- an
inertinite. The tracheids are shattered and partially preserved. EDX analysis of yellow outlined area shows a
high content of carbon which confirms that it is organic matter. Sample W21.30 (102/16-18-023-03W4, 676.57m).
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Chapter 5.

Pore Morphology of Mudstones of the Lower

Colorado Group, Western Canada Sedimentary Basin
5.1
5.1.1

Pore classification scheme of mudstones
Classification 1: intrinsic porosity of carbonaceous mudstones

Schieber (2010) proposed that ‘intrinsic’ pores are void spaces that remain after deposition and early compaction of the mudstones, and are not related to processes that create
fracture-related porosity. The intrinsic pores include phyllosillicate (PF) pores, organicmatter (OM) pores, and carbonate dissolution (CD) pores. PF pores are elongate, or triangular pores between clay platelets/aggregates (Curtis et al. 2010; Milner et al. 2010). The
PF pore fabrics are strongly influenced by detrital clay fabrics and clay mineral transformation (Schieber 2010). OM pores are bubble-like intraparticle pores developed within
organic macerals. The organic matter type and thermal maturity is believed to influence
the development of OM pores (Jarvie et al. 2007; Curtis et al. 2010; Schieber 2010).
More OM pores are observed in thermally mature samples than immature samples. Additionally, OM pores are preferentially developed in bacterially degraded kerogen, whereas
few to no OM pores are developed in degradation-resistant kerogen (e.g. inertinite). CD
pores occur due to partial dissolution along the carbonate grain margins, producing secondary porosity in the carbonaceous mudstones. PF and CD pores range up to a few thousand nanometres in size, but the average OM pore size is about 100 nm which presents an
instrumentation challenge to imaging and quantifying porosity types in mudrocks. Similar classification schemes are suggested by Curtis et al. (2010) and Milner et al. (2010).
5.1.2

Classification 2: matrix-related pore types

Loucks et al. (2009, 2012) proposed a matrix-related pore type classification based on
relationship to particles. Three major pore types are interparticle (interP) pores, intraparticle (intraP) pores, and organic-matter (OM) pores (Figure 5.1). These types are further
divided into twelve subtypes of pores. InterP pores include pores between grains, crystals,
clay platelets, and pores at the edge of rigid grains. IntraP pores include pores within clay
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aggregates, pellets, and fossil bodies, intercrystalline pores within pyrite framboids, dissolution-rim pores, and moldic pores left by dissolution of a crystal or fossil. This classification is consistent with pore types in conventional sandstone and carbonate reservoirs
(Loucks et al. 2012). However, the size of pores within mudstones is much smaller than
in sandstones or carbonates. OM pores are only found in mudstone reservoirs.
The classification scheme suggested by Loucks et al. (2012) is comprehensive, and recognizes important distinctions in terms of the formation of pore types identified in carbonaceous mudstones. The three intrinsic pore types in Schieber’s (2010) classification correspond to four of the twelve categories in the Loucks et al. (2012) scheme. PF pores can
be considered as the sum of the pores between clay platelets, and pores within clay aggregates. CD pores belong to the dissolution-rim pores. Other secondary dissolution
pores, such as those produced by feldspar dissolution, also occur in the sampled units (e.g.
Figure 4.8). The intrinsic pores account for the majority of pores in the rock matrix other
than those related to natural fractures. However, a complete understanding of the pore
system requires an appreciation of the different depositional and diagenetic processes that
produce discrete pore types. Therefore, Loucks’s et al. (2012) classification is the most
suitable starting point for this study.
5.1.3

Modified classification

Loucks’s et al. (2012) classification named the pore types as interP, intraP, and OM pores
(Figure 5.1). This classification is based on the position of pores in relation to mineral/organic particles, which implies that depositional texture is the major control on porosity. However, diagenesis also exerts a strong influence on mudstone porosity; this
should be incorporated into a genetic pore classification alongside depositional effects.
Figure 5.2 illustrates a modified mudstone pore classification scheme, with five major
groups of interparticle pores, intercrystalline pores, intraparticle pores, moldic pores, organic matter pores, and eleven subgroups. Fracture-related porosity is not included here.
Table 5.1 summarizes pore characterization of sandstone, carbonate rock, and mudstone.
Pores in sandstones are relatively simple, comprising mainly interparticle pores with minor dissolution pores. The sizes and shapes of interparticle pores strongly depend on the
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size, shape and sorting of grains (Minoura and Osaka 1992). Cementation and compaction are the major factors that reduce sandstone porosity, where pore type remains the
same. In contrast, carbonate rocks and mudstones have varied pore types with a wide
range of sizes and shapes (Choquette and Pray 1970). The combination of biologic and
physical process, with late diagenetic overprinting, lead to more heterogeneous porosity
and permeability in carbonate rocks and mudstones compared with sandstones (Lambe
1958). Additionally, new types of pores (e.g. moldic pores) can evolve during diagenesis.
Hence, there may be an analogy between pore system classification systems for calcareous mudstones and carbonate rocks.
Choquette and Pray (1970) recognized a total of fifteen types of pores in carbonate, including interparticle (interP), intercrystalline (interX), intraparticle (intraP), moldic pores,
seven bio-related pores, and four fracture-related pores. The first four types are all identified in calcareous mudstone in this study. InterX pores are grouped into interP and intraP
pores in the Loucks et al. (2012) classification. Lønøy (2000) suggested that permeability
trends in carbonates between interparticle porosity and intercrystalline porosity are different. Similar trends may occur in calcareous mudstones, but are beyond the scope of
this thesis. Therefore, the distinction between the intercrystalline and interparticle pore
groups in Loucks et al. (2012) may be an important consideration for flow modeling in
the mudstone pore network. Pores within pyrite framboids, pores within mica flakes and
between crystals fit into the interX pore groups (Figure 5.2).
According to Choquette and Pray (1970), moldic pores are induced by partial or complete
dissolution or recrystallization of crystals or grains. Therefore, dissolution pores and
moldic pores after crystals or fossils are secondary pores produced during diagenesis,
whereas intraP pores are mainly primary pores. Due to genetic difference, the moldic
pore type is separated from intraP pores types in Loucks et al. ’s (2012) scheme.
Lucia (2005) indicated that the pore size in carbonate rocks is the major governing factor
in porosity-permeability relationships. Lønøy’s (2000) classification further divided each
carbonate pore type based on size. For example, interparticle pores are subdivided into
micropore (10-50 µm), mesopore (50-100 µm), and macropore (>100 µm) categories. In
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the carbonate pore classification scheme, the coefficient of determination (r2) for permeability as a function of porosity is applied to evaluate defined pore types (Espitalié 1986;
Jørgensen 2000). Each subdivided pore type has a higher r2 (> 0.8) compared with undivided groups by Choquette and Pray (1970) (0.5-0.9), which confirms the influence of
pore size on permeability. It is possible that, like the carbonate pore system, size is the
primary control governing the porosity - permeability relationship for each mudstone
pore type. The very small pore sizes in mudstones (e.g. micropores < 2 nm in diameter)
present a technical challenge for measurement. The resolution limit of SEM is about 5
nm and the lower limit of mercury porosimetry is 3 nm (Chalmers et al. 2012). Therefore,
it is difficult to quantify pore network characteristics in reservoir simulation. Further research is required to address this topic.

Figure 5.1 Pore classification by Loucks et al. (2012). Three major pore types are interparticle pores, intraparticle pores, and organic matter pores.

88

Figure 5.2 Modified pore classification after Loucks et al. (2012). Intercrystalline pore and moldic pore type are separated from the intraparticle pore type in Loucks et
al. (2012) classification due to their different origin. This genetic scheme is derived from carbonate pore system classification by Choquette and Pray (1970).
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Table 5.1 Comparison of porosity in sandstone, carbonate rocks, and mudstones. Modified after Choquette and
Pray (1970).

5.2

Observations and Interpretations

Forty-three samples from thirteen wells across the Western Canada Foreland Basin
(WCFB) have been evaluated with a total of 326 FIB milled surfaces and 2594 images
(Appendix 3
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Appendix 3). The following sections discuss the four major classes of pores observed in
samples from the study area: interparticle pores, intercrystalline pores, intraparticle pores,
and moldic pores (Figure 5.2). The OM pores will be discussed in Chapter 6.
5.2.1

Interparticle (InterP) Pores

InterP pores are the most common pore type in the Lower Colorado Group. Figure 5.3
and Figure 5.4 show interP pores between grains. As the name implies, these types of
pores develop between grains (typically quartz and feldspar in sample suite). Additionally,
interP pores between grains tend to have larger volumes around rigid grains (e.g. quartz
and pyrite framboid). In Figure 5.3 and Figure 5.6, all large open interP pores developed
around quartz, whereas in Figure 5.5 B, this development took place surrounding a pyrite
framboid. This mode of formation, referred to as a pressure shadow effect (pores are
preferentially preserved at low stress regions adjacent to rigid grains), was also noticed
by Loucks et al. (2012) and Schieber (2010). Another type of interP pore is observed at
grain boundaries. Figure 5.7 is an example showing interP pores at boundaries of quartz.
In this example, the pore shape is more uniform and linear compared with other type of
pores. According to Loucks et al. (2012), pores developed at grain peripheries may result
from “matrix separating from the particle during compaction”; however, pores at grain
boundaries (e.g. Figure 5.3 and Figure 5.7) may be decompaction artifacts (section 3.3).
In samples with higher clay content, interP pores between clay platelets are observed
(Figure 5.4, Figure 5.5, and Figure 5.9). This type of pore is usually elongated along the
surface of platelets. InterP pores are considered as primary pores (Choquette and Pray
1970; Loucks et al. 2012) but also may be modified by diagenesis. InterP pores are reduced in deeply buried samples as a result of compaction and cementation. Figure 5.4
shows a sample with current depth of 982.50 m. This sample was probably subjected to
higher maximum burial temperature and pressure compared with the sample in Figure
5.5B which came from a depth of 233.59 m. As a result, the abundance of interP porosity
is significantly reduced and clay platelets are more compacted in the sample from 982 m.
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5.2.2

Intercrystalline pores

Intercrystalline (interX) pores are found between crystals and are secondary pores formed
by diagenetic processes. InterX pores identified in the samples are commonly in the form
of interX pores within pyrite framboids and between calcite crystals. Precipitated calcite
crystals are commonly associated with coccolith debris (Figure 5.8). InterX pores between calcite crystals are generally less than 1 μm in the samples. The abundance of relatively small (mean diameter 5 µm) pyrite framboids in the sampled units suggest an anoxic to lower dysoxic environment (O’Brien and Slatt 1990). Pyrite framboids with interX pores are shown in Figure 5.9 and Figure 5.10, in which pore diameters can be up to
1 µm. The framboids in Figure 5.5 A and B, in comparison, do not show interX pores,
suggesting overgrowth of pyrite during an advanced stage of evolution of the framboids
(Figure 4.18). With continuous sulfate-reducing bacterial activity, octahedral pyrite microcrystals in framboids can overgrow and recrystallize into euhedral crystals, losing the
framboid structure completely (Peters et al. 2005; Lucia 2007). The size and distribution
of interX pores within pyrite framboid, therefore, may reflect local sulfate-reducing bacterial activity and the evolution of the framboids.
5.2.3

Intraparticle (intraP) pores

Coccoliths (Figure 5.11 and Figure 5.8 A) are found as mainly individual clasts with low
to moderate preservation. As a result of abundant fecal pellets composed of coccolith
debris, the upper Belle Fourche Formation and the Second White Specks Formation have
a speckled appearance. Intraparticle pores associated with pellets and fossils are common.
Figure 5.11 shows a fecal pellet composed of coccolith fragments. Micropores (>2 µm)
within the pellet are indicated by the blue arrows. Pores within a single coccolith are
smaller, usually less than 1µm (Figure 5.8 A). IntraP pores within foraminifera were also
identified. In Figure 5.8 B, a single pore within the foram chamber is 47µm. The sizes
and shapes of intraP pores related to fossils are controlled by the morphology of fossils.
In addition, cementation is common in the foram intraP pores. For example, Figure 4.27
shows a foram with a chamber filled with late diageneic cement (possibly calcite). Authigenic kaolinite is also recognized in the chamber in Figure 5.8 B. Similarly, precipitation
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of calcite crystals (Figure 5.12) may occur within the intraparticle void space between
coccoliths. Therefore, diagenesis can modify intraP pores by precipitation and cementation, which will significantly reduce the effective porosity of intraP pores.
The interP pores between the coccoliths, intraP pores within coccoliths, and interX pores
between the calcite crystals can be identified within fecal pellets (Figure 5.12). On a large
scale, these pore types are all considered to be intraP pores because they occur within a
single fecal pellet. On a much more sophisticated level, this represents a complex "nesting" of different pore types and it is necessary to use pore type classifications as a "local"
textural descriptor, rather than as a blunt instrument for rigid categorization.
IntraP pores within clay aggregates (see Chapter 7) are widely distributed in the sampled
mudstones. The distribution of pores within clay aggregates is highly heterogeneous.
Figure 5.4 and Figure 5.5 show linear cleavage-plane pores within mica flakes and pores
within clay aggregates. Some pores within clay aggregates show triangular openings especially at the edge of platelets, where clay flakes are easily deformed or splintered due
to compaction (Figure 5.5 A). The sizes of pores within clay aggregates are small, typically less than 1 μm (e.g. Figure 5.4 and Figure 5.5), whereas pore sizes within micas depend on the shape of mica, which can be greater than 3 μm (e.g. Figure 4.2 and Figure
4.4). Pores within clay aggregates can be comparatively large at the time of deposition
(e.g. in clay floccules, Chapter 7); compaction is one of the major processes that can significantly reduce void space. Another major factor is diagenesis. Clay mineral transformation can change the morphology of primary clays, and growth of authigenic clays can
occupy intraP pores within clay aggregates which can also reduce the effective porosity
of these grains.
5.2.4

Moldic pores

There are two pore types in the moldic pore group: partially dissolved dissolution pores
and completely dissolved crystals or fossils forming moldic pores. Generally, moldic
pores are secondary pores that formed after deposition, the genesis of which was controlledby both deposition and diagenesis (Jørgensen 2000). Dissolution pores are identified in calcite (Figure 5.13) and feldspars (Figure 4.8). Schieber (2010) described carbon-
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ate dissolution (CD) pores as one of three intrinsic pore types of mudstones. CD pores in
the samples normally occur as a result of dissolution in forams (e.g. Figure 5.8B), where
the chamber walls display a ragged texture due to dissolution. The preferential dissolution of foram tests, in contrast with the relative resilience of the more abundant coccoliths,
results from their construction from the more soluble magnesian calcite polymorph (see
section 4.1.3). As a consequence, the distribution of CD pores is strongly governed by the
abundance of forams. Figure 5.14 shows a moldic pore (the blue arrow) after complete
dissolution of a calcite crystal. Complete dissolution can enhance the overall effective
porosity of the pore network.

Figure 5.3 SE image showing interP and intraP pores of a relatively deeply-buried sample. Large interP pores
between grains are indicated by the white arrows. Limited occurrences of intraP pores within clay aggregates
are observed (yellow arrows). Sample W05.07 (102/07-04-028-18W4, 997.10m). k=kerogen. WD= working distance; Mag= magnification; EHT= electron high tension (accelerating voltage).
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Figure 5.4 SE image shows interparticle pores, intraparticle pores, and organic matter pores. Interparticle pores
(the white arrows) between clay platelets are generally elongated. Intraparticle pores within clay aggregates
(indicated by the yellow arrows) show triangular openings. Generally pores show preferred orientation parallel
to bedding. Organic-matter pores (the green arrows) are also present in the figure. Sample W11.12 (131/07-33002-24W2, 982.50m).
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A

B
Figure 5.5. (A) And (B) SE images showing interP and intraP pores in shallowly-buried samples (A) Example
illustrates interP pores (white arrows) between clay platelets and intraP pores within clay aggregates (yellow
arrows). Organic-matter (OM) pores (green arrows) are also present. Sample w08.03 (100/01-11-044-03W2,
15.90m). (B) Image shows large open spaces of interP pores between grains (white arrows). Authigenic clay (blue
arrows) grown within interP pores, may help to resist compaction. Sample w09.47 (141/07-34-035-01W2,
233.59m).
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Figure 5.6 BSE image showing intraP pores in deeply-buried sample. Cleavage-plane pores are clearly shown in
the middle within two well defined clay aggregates (blue arrows). Also notice large interP pore (white arrow)
developed in pressure shadow. Sample W02.69 (100/07-19-045-06W5, 1866.00m).

q
q
q

Figure 5.7 SE image illustrating interparticle pores at quartz (q) boundary indicated by yellow arrows. Decompaction effects may cause the development of these pores. Sample W04.02 (100/11-12-006-16W4, 603.60m).
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A

B

Figure 5.8 SE images show intraP pores within (A) a coccolith and (B) a foraminiferan. Pits on the surface of
foram are preserved. Taxonomic classification of the species has not been determined. Sample W10.21 (111/0322-055-25W3, 319.75m) and sample W22.13 (100/06-23-043-11W4, 552.79m).
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Figure 5.9 SE images shows example of intercrystalline pores within pyrite framboids. Two pyrite framboids
with different sizes are shown in the image, and both of them have intercrystalline pores (blue arrows). InterP
pores and intraP pores are indicated by white and yellow arrows, respectively. Sample W05.07 (102/07-04-02818W4, 997.10m).

B
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Figure 5.10 A pyrite framboid shown in the centre of image, and with blue arrows indicating intercrystalline
pores. Organic-matter pores also exist (the green arrows). The image shows a high percentage of interP pores
(white arrows), most of which are interP pores between grains. Sample W10.10 (111/03-22-055-25W3, 304.95m).
k= kerogen; pyf= pyrite framboid.
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Figure 5.11 SE image of a broken surface shows a fecal pellet (outlined in the blue dashed line) which is mainly
composed of coccolith debris. The blue arrows indicate intraP pores within the fecal pellet. Sample W05.03
(102/07-04-028-18W4, 991.03m).

Figure 5.12 BSE image shows precipitated calcite crystal (the yellow arrows) that occupy a significant fraction of
the intraparticle pores within coccoliths. See text for details. Sample W22.13 (100/06-23-043-11W4, 552.79m).
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Figure 5.13 SE image shows dissolution-rim pores (the blue arrows) along grain boundaries of carbonate grains.
Sample W02.68 (100/07-19-045-06W5, 1864.62m).

Figure 5.14 BSE image shows a moldic pore on kerogen surface after a calcite crystal. Sample W01.01 (100/1407-036-05W5, 2298.75m).
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Chapter 6.

Organic-Matter Pores

6.1

Background

6.1.1

Production and preservation of organic matter

Organic matter is sourced from a variety of biomass types such as algae, pollen, and
spores. Phytoplankton (e.g. diatoms, dinoflagellates, and coccolithophorids) are the major
producers of organic matter in the sea and higher plants are the major source on land
(Tissot and Welte 1984; Vandenbroucke and Largeau 2007). Photosynthesis is the essential process for production of organic matter (McAnally et al. 2007). The overall equation
can be expressed as:
2𝐻2 𝑂 + 𝐶𝑂2 = 𝑂2 + 𝐶𝐻2 𝑂 + 𝐻2 𝑂,

where CH2O represents carbohydrate (compounds that have general formula of Cn(H2O)n,
e.g. glucose C6H12O6). Other factors, such as temperature, light, and chemical composition in sea water also control primary production of organic matter (Tissot and Welte
1984).
A significant proportion of primary production is consumed by zooplankton. The less
digestible organic material is incorporated into fecal pellets. The primary organic matter
commonly takes several years to settle to the sea floor whereas organic matter incorporated into fecal pellets can sink faster due to their greater size (Taylor and Glick 1998).
Therefore, the incorporation of disseminated organic matter (DOM) in pellets can preserve organic matter for diagenetic conversion into kerogen. Oxidation is another important process that consumes organic matter. For example, carbohydrate (glucose) will
be converted to bicarbonate via redox reaction (see section 2.4.2), and the subsequent
bonding with dissolved Ca ions can form calcite (CaCO3). As a result, only about 0.1% of
primary organic production is preserved in sediments (Tissot and Welte 1984). Bottom
water anoxia is conducive for organic matter preservation (see Chapter 2). Lipids (organic compounds, e.g. fat, waxes, that are insoluble in water but can be extracted by solvents
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that can dissolve fat), carbohydrates (sugars and their polymers), proteins (highly ordered
polymers composed of individual amino (NH2) acids), and lignins (most abundant biopolymers of high plants) are the four major biopolymers of organic matter (Tissot and
Welte 1984; Bennett et al. 1991a). The preserved biomass components are eventually
transformed into the insoluble geopolymer, kerogen, during early diagenesis by processes
including hydrolysis, sulfate reduction and microbial activity (see next section).
6.1.2

Kerogen Evolution

Tissot and Welte (1978) suggested that the evolution of kerogen can be divided into three
stages: diagenesis, catagenesis, and metagenesis.
6.1.2.1 Diagenesis
Organic matter diagenesis takes place in the shallow interval below the sediment-water
interface. Biochemical degradation, polycondensation, and insolubilization are the major
reaction processes in which organic matter undergoes both biochemical and physicochemical decomposition (Tissot and Welte 1984). Microorganism (e.g. bacteria, fungi,
algae) decomposes organic matter. Energy released from degradation can be used for
metabolic activity of microorganisms. The degradation occurs mainly through the hydrolysis processes, which depolymerizes the original biopolymers into amino acid, sugars,
long-chain fatty acids, and releases additional water (Bennett et al. 1991a;
Vandenbroucke and Largeau 2007). Proteins and carbohydrates are degraded more rapidly compared to lignin and lipids (Bennett et al. 1991a).
Under aerobic conditions, degradation of organic matter occurs via respiration by heterotrophic organisms, whereas under anaerobic conditions, fermentation is the major process
(Tissot and Welte 1984). Fermentation is an anaerobic metabolic process of microorganisms that converts sugars (glucose) to acids, alcohols and gases. The acetate ion is one of
the products of this conversion process, and it bonds with a hydrogen to form acetic acid
(Parsons et al. 2001). Methanogens (methane-generating bacteria) can synthesize methane from the fermentation products, H2 and CO2, in the reduction reaction:
𝐶𝑂2 + 4𝐻2 = 𝐶𝐻4 + 2𝐻2 𝑂.
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Additionally, some methanogens (e.g. methylotrophs) can utilize C1 compounds, mainly
acetate from fermentation to produce methane, which is referred as acetate fermentation
(Bennett et al. 1991a; McAnally et al. 2007)
𝐶𝐻3 𝐶𝑂𝑂 − + 𝐻 + = 𝐶𝐻4 + 𝐶𝑂2 .

Carbon dioxide reduction and acetate fermentation are the two main mechanisms that
form biogenic methane at shallow depth and low temperature (normally <80 °C).
The polycondensation process occurs during early diagenesis, alongside bio-degradation.
Organic matter undergoes condensation reactions associated with the elimination of superficial hydrophilic groups (e.g. OH and COOH) (Bennett et al. 1991a). Soluble fulvic
acids and humic acids (both are complex mixtures of different acids) are produced first.
With increasing polycondensation, the organic matter becomes progressively more insoluble; the terminal product is insoluble humin. Humin, which is also referred to as
protokerogen (Stuermer et al. 1978), eventually transforms to the kerogen geopolymer
via insolubilization. During insolubilization, humin continues to undergo condensation
and defunctionalization into kerogen. Kerogen is an insoluble organic macromolecule
which has hydrocarbon generation potential (Vandenbroucke and Largeau 2007). This
transformation may take millions of years to proceed, and occurs in a depth range up to a
few hundred metres (Tissot and Welte 1984). Breaking of carbon and heteroatomic (N, S,
O) bonds during diagenesis mainly produces carbon dioxide (CO2) and water, leading to
the rejection of oxygen from kerogen (Tissot and Welte 1984). The disappearance of humic acid corresponds to the end of this stage (Tissot and Welte 1978). Source rocks are
immature (R0 < 0.5 %, Tmax <435 °C) in the zone of diagenesis.
6.1.2.2 Catagenesis
In contrast to bio-degradation of organic matter in diagenesis, catagenesis marks the onset of hydrocarbon generation due to thermal degradation (pyrolysis). Kerogen molecules
are rearranged into compacted and more ordered structures by the progressive elimination
of long chains and functional groups. The chemical and physical changes that kerogen
undergoes can be considered as a means to reach equilibrium under higher temperature
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(~60 ˚C to180 ˚C) and pressure (Tissot and Welte 1984; Plint et al. 2012b). The size of
the hydrocarbon molecules produced during the pyrolysis of kerogen decreases with increased temperature. As a result, hydrocarbon generation during catagenesis can be divided into two zones: the earlier oil zone and the later wet gas zone.
The oil window, which is the principal zone of oil generation, occurs at a temperature
generally between 60 ˚C and 150 ˚C. The first generated hydrocarbons typically have
high molecular weights (e.g. pentatricontane, C35H72) (Plint et al. 2012b). At peak generation in the oil window, the main hydrocarbon product is decane (C10H22). As the temperature reaches 150 ˚C, short chain molecules of hydrocarbons (= <C5) are dominant,
and are mixed with few long chain hydrocarbons (>=C6) (i.e.: a mixture of gas and condensate). This zone is commonly referred to as the wet gas zone, with a temperature
range between 150 and 180 ˚C.
Hydrocarbon side chains and alicyclic structures are eliminated at this stage (Van
Krevelen 1993), resulting in increasing aromatization, decreasing hydrogen contents, and
H/C atomic ratio. Source rocks are considered mature at this stage (0.5 %< R0 < 2.0 %,
435 °C < Tmax < 470 °C). In addition to light hydrocarbons, the pyrolytic degradation of
kerogen also forms inert carbon compounds with no hydrocarbon generation potential.
6.1.2.3 Metagenesis
Metagenesis is the final evolution stage of kerogen. Methane production increases rapidly
in the wet gas zone and becomes the predominant product during metagenesis. Since
there is no condensate produced during metagenesis, this methane-dominant stage is also
known as the dry gas zone. During this stage, kerogen structures undergo rearrangement
of aromatic ring clusters and sheets of clusters into a progressively more ordered structure (Van Krevelen 1993). The upper temperature limit of the dry gas zone is about 230
˚C (Bennett et al. 1991a). At the end of metagenesis, all reactive kerogen is converted
into hydrocarbons and only residual carbon (graphite) is left.

6.1.3

Kerogen Types
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Coalification and kerogen evolution follow similar trends, and both are characterized by
increasing aromatization and elimination of functional groups (Tissot and Welte 1984;
Taylor and Glick 1998). As a result, hydrogen and oxygen content decreases, and carbon
content increases with increasing coalification. The hydrogen/carbon (H/C) vs. oxygen/carbon (O/C) atomic ratio diagram was first invented by van Krevelen (1961) in order to compare coalification paths of coal macerals. Due to the similarity of kerogen maturation and coalification, Durand and Espitalie (1973) and Tissot et al. (1974) further
developed this method into a scheme to classify kerogen type as well as showing the general maturation and evolution path for each kerogen type in petroleum source rocks.
There are four kerogen types: type I originated from hydrogen-rich kerogen (e.g. algae,
waxes), type II mainly derived from planktonic organic matter, type III kerogen is of terrestrial plant origin, and type IV is inert carbon (Tissot and Welte 1984). Due to compositional differences, kerogen type I-IV can be identified in the van Krevelen diagram based
on H/C and O/C ratios (Figure 6.1).
Type I kerogens are derived from lipid-rich biomass (Tissot and Welte 1984; Walters
2006). As a result, type I is rich in aliphatic compounds (e.g. alkanes (C-C bonds) and
alkenes (C=C bonds)) and is hydrogen-rich (Tissot and Welte 1984; Van Krevelen 1993).
Immature type I kerogen exhibits a high H/C (>1.5) ratio and low O/C (<0.1) ratio.
Diagenesis of type I kerogen is characterized by slow decreases in H/C and O/C because
it is relatively resistant to bio-degradation. However, H/C decreases rapidly during
catagenesis as a result of thermal degradation (Figure 6.1), and the elimination of long
chain polymers, manifested as liquid hydrocarbon generation. The depositional environments for type I kerogen include deep marine and stratified lacustrine settings. Additionally, type I kerogen can also be produced by the preservation and diagenesis of deposited
algal matter from phytoplankton blooms in shallow marine settings, if the rate of productivity is high enough to overwhelm oxidation of the sinking flux of disseminated and dissolved organic matter.
Type II kerogen is mainly derived from marine organic matter (mixture of phytoplankton,
zooplankton, and bacteria) (Tissot and Welte 1984; McAnally et al. 2007). This kerogen
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contains more carboxylic acid (COOH) groups and aromatics (ring structures formed by
alternate C-C bonds and C=C bonds) as compared with type I kerogen (Tissot and Welte
1984). The H/C and O/C ratios for immature type II samples are typically 1.3 and 0.15,
respectively. The diagenetic and catagenetic evolution path of type II is similar to type I.
Low to moderate molecular weight hydrocarbons are produced during catagenesis.
Therefore, type II kerogen is capable of generating both liquid petroleum and natural gas.
The preservation of the precursors of type II kerogen is favoured in a shallow to moderately deep, dysoxic to anoxic marine environment (Tissot and Welte 1984). Plint et al.
(2012a) suggested that type II kerogen can also be preserved in shallow and welloxygenated environment, which requires high plankton productivity, rapid burial below
sediment surface following storms, and rapid onset of anoxic pore water conditions only
mm below sediment surface.
Type III kerogen is of terrestrial plant origin and is rich in aromatic structures and oxygen
groups. The elevated concentrations of saturated aromatic compounds decreases the H/C
ratio and the oxygen functional groups (e.g. carboxyl (COOH)) raises the O/C ratio in
type III kerogen compared with type I and II kerogens. Therefore, type III kerogen is
characterized by a low H/C ratio (<0.8) but high O/C (>0.2) ratio on the van Krevelen
diagram. Deltaic and marsh settings are typical depositional environments for type III
kerogen. Since plant growth is restricted in arid areas, humid climates are favored for
type III kerogen preservation (Taylor and Glick 1998). Additionally, Type III kerogen
can be transported by turbidity currents from delta slopes to deep marine settings (Tissot
and Welte 1984).
Type IV kerogen with particularly low initial H/C atomic ratio (0.5-0.6) can be also recognized on the van Krevelen diagram. It has varied origins, such as terrestrial organic
matter that is altered by weathering or combustion. The low H/C ratio indicates that type
IV kerogen is ‘dead carbon’, and is not capable of hydrocarbon generation (Tissot and
Welte 1984).
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Figure 6.1 van Krevelen diagram illustrates the thermal evolution path (the red arrows) of kerogen types I-III.
Type I kerogen is characterized by high H/C, low O/C ration, and it is oil-prone. Type III kerogen is characterized by low H/C but high O/C, and it is gas-prone. Type II kerogen is intermediate between types I and III, and
it has both oil and gas potential. The major products of diagenesis, catagenesis, and metagenesis are CO2 and
H2O, oil and wet gas, dry gas, respectively. (From Dybkjær et al. 2005).

Some kerogen may result from mixtures of the type I and type III biomass precursors due
to the varied sources of organic matter inputs (e.g. a mixture of both marine and terrestrial macerals) (Tissot and Welte 1984). As temperature and burial depth increases, initially
hydrogen-rich kerogen is transformed into hydrocarbons, leaving behind hydrogen-poor
kerogen (Dybkjær et al. 2005). At the end of this evolutionary process, all paths on the
van Krevelen diagram converge toward the origin which represents the formation of pure,
inert carbon (graphite) (Tissot et al. 1974; Van Krevelen 1993).
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6.1.4

Maceral Groups

Similar to the term ‘minerals’ in sedimentary or igneous rocks, the term ‘macerals’ is
used to describe microscopic constituents of organic matter (Van Krevelen 1993). The
techniques to recognize different maceral groups include transmitted light, reflected light,
incident blue or Ultraviolet (UV) light (Tissot and Welte 1984; Taylor and Glick 1998).
Three maceral groups have been identified in the study samples: liptinite, vitrinite, and
inertinite (Tissot and Welte 1984; Van Krevelen 1993) (Table 6.1). Liptinite is hydrogenrich organic matter that has various origins, including the cell walls of spore and pollen
(named sporinite), algal tests (alginite), the waxy coating of leaves and stems (cutinite),
resin (resinite), cork cells of roots (suberinite) and three amorphous bitumen macerals
(fluorinite, bituminite and exudatinite) (Table 6.1) (Tissot and Welte 1984; Bennett et al.
1991a). Liptinite is considered to be the major maceral group that contributes to oil-prone
type I and type II kerogen.
Vitrinite originates from humic substances, such as the woody tissues of land plants. It is
black to dark brown under transmitted light. There are two main macerals in the vitrinite
group: telinite and collinite. Telinite is vitrinite that has preserved morphology of woody
tissue. In contrast, such woody structure is not preserved in collinite (Bennett et al. 1991a;
Taylor and Glick 1998). Vitrinite is the major component of the type III kerogen and it is
gas-prone.
Inertinite appears opaque under transmitted light. Inertinite can originate from degraded
liptinite (e.g. micrinite), charred vitrinite (e.g. funisite and semifusinite), or fungal remains (sclerotinite) (Taylor and Glick 1998). Fusinite is the most common maceral type
in the inertinite group and commonly shows preserved tracheid structures. Type IV
kerogen is mainly composed of inertinite.
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Table 6.1 Maceral groups in the Stopes-Heerlen System (from Bennett et al. 1991a).

6.1.5

Thermal Maturity and Maturation Parameters

The degree of transformation of kerogen into hydrocarbons can be described in the context of thermal maturity of a source rock. Source rocks are immature prior to hydrocarbon
generation, mature during hydrocarbon generation and overmature if all kerogen has been
converted into oil and gas leaving only residual carbon.
Vitrinite reflectance (%Ro, section 2.3.3) is one of the most important parameters to determine the maturation stages of kerogen (Van Krevelen 1993; Taylor and Glick 1998).
As maturity increases, the aromatic nuclei of kerogen are reoriented parallel to the bedding plane, and therefore the reflectance is increased (Taylor and Glick 1998). The method was invented to evaluate coal ranks but it is also applicable in kerogen evaluation,
which contains vitrinite macerals. Generally, kerogen with less than 0.5 %Ro is immature
and greater than 2%Ro is overmature. In addition, Tmax from the Rock-Eval pyrolysis
(section 3.2) method is widely used in estimating the thermal maturity of source rocks.
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Generally, source rock with Tmax less than 435 °C is immature, between 435 °C and
470 °C is mature, greater than 470 °C is overmature.
The molecular structures of type I and II kerogen are relatively simple in comparison
with type III kerogen. Therefore, they require a narrow range of energy for breaking
chemical bonds, as well as a smaller temperature range for pyrolysis (Varban and Plint
2008; Jiang and Cheadle 2013) (Figure 6.2). The Tmax of oil generation range for Type I
kerogen is 440-450 °C; for type II and type III it is comparatively wider, 420-460 °C and
430-600 °C respectively, due to increasing structural complexity. As a result, Espitalié
(2008) suggested that Tmax cannot be used as a measure of thermal maturity in type I
source rocks, but it is a reasonable measurement for type II and III source rock. Similarly, %Ro measures the reflectance of vitrinite, as a result, the accuracy decreases for type I
and type II kerogen because they do not contain significant amounts of vitrinite macerals
for analysis. Both methods are good for type III source rocks but not applicable for type I
kerogen. For type II kerogen, Tmax is a better indicator than %Ro (Varban and Plint
2008).
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Figure 6.2 Relationship between Tmax and transformation ratio (a measure of the forward progress of
catagenesis based on the ratio of current HI to original HI) of type I-III kerogen. Type I kerogen has a narrow
Tmax range as compared with type II and type III kerogen due to relatively simple molecular structure (from
Jiang and Cheadle 2013).

6.1.6

Organic Matter (OM) Pores

Organic matter (OM) pores are developed within kerogen macerals. Previous descriptions
of OM pores are largely restricted to their occurrence in carbonaceous mudstones
(Loucks et al. 2009; Schieber 2010; Curtis et al. 2012b; Fishman et al. 2012; Milliken et
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al. 2013). They are particularly important because previous research indicated that these
pores make a significant contribution to the network flow capacity of the mudstone reservoirs (Wang and Reed 2009; Chalmers et al. 2012). Wang and Reed (2009) suggested
that gas permeability in organic matter is significantly higher than that in the matrix of
mudstones. The size of most OM pores ranges from a few nanometers to a hundred nanometers. Additionally, Wang and Reed (2009) suggested that a large proportion of gas is
stored in organic matter pores in the Mississippian Barnett Shale in the Fort Worth Basin.
2D and 3D studies of pores in mudstones indicated that OM pores are well-connected,
which could potentially provide pathways for hydrocarbon migration (Ambrose et al.
2010; Curtis et al. 2010; Passey et al. 2010; Sondergeld et al. 2010). Therefore, OM pores
are considered to be an important component of hydrocarbon flow and the storage system
in carbonaceous mudstone source-reservoirs.
Jarvie et al. (2007) proposed that the abundance of OM pores is directly related to decomposition of kerogen, which means that thermal maturity is the key factor that controls
the development of the OM pores. However, recent studies from Curtis et al. (2012a) and
Fishman et al. (2012) suggest that the development of the OM pores do not show a correlation with increasing thermal maturity. In some cases, OM pores are not present in high
maturity samples. Other factors, such as different kerogen types and biodegradation,
could also influence the development of OM pores (Schieber 2010; Fishman et al. 2012).

6.2
6.2.1

Observations and Interpretations
Kerogen Type and Maturation

A total of 144 samples from wells 07-19-045-06W5 (W02), 07-34-035-01W2 (W09), and
03-22-055-25W3 (W10) were sent to the Geological Survey of Canada (GSC) lab in Calgary for Rock-Eval 6 source rock analysis. W02, W09, and W10are from foredeep, backbulge, and forebulge segments of the foreland basin, respectively (Figure 2.9). Appendix
5 to Appendix 7 list Rock-Eval 6 results, including S1, S2, S3, TOC, hydrogen index (HI),
oxygen index (OI), and Tmax. In order to identify kerogen types and maturation, these
data are summarized on HI vs. OI (Figure 6.3), S2 vs. TOC (Figure 6.4), and HI vs. Tmax
(Figure 6.5) diagrams, which are described below.

114

HI (which is calculated as HI= 100*S2/TOC) is proportional to hydrocarbon in kerogen
and therefore can be used to indicate source rock potential. Similarly, OI (calculated as
OI= 100*S3/TOC) indicates the relative amount of oxygen in kerogen. The HI vs. OI plot
is a proxy for the van Krevelen H/C vs. O/C plot (Figure 6.1). Source rock analysis using
the Rock-Eval method has been widely applied because it is automated, robust and less
expensive compared with the determination of atomic H/C and O/C ratios (Peters and
Cassa 1994). Figure 6.3 shows that W02 contains predominantly type II kerogen. Samples from W09 and W10 are dispersed between type II and type III kerogen, suggesting a
mixture of these kerogen types. The red arrow indicates the maturation path of kerogen.
W02 is closer to the end of the maturation path, which implies that thermal maturation is
increasing from back-bulge to foredeep locations. However, OI can be overestimated because decomposition of carbonates can also contribute to S3 (Peters 1986). The S2 vs.
TOC plot and HI vs. Tmax plot can better interpret organic matter type as it avoids the
uncertainty of OI.

Figure 6.3 HI vs OI plot of well 07-19-045-06W5 (W02), 07-34-035-01W2 (W09), and 03-22-055-25W3 (W10).
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Figure 6.4 S2 vs TOC plot of well 07-19-045-06W5 (W02), 07-34-035-01W2 (W09), and 03-22-055-25W3 (W10).

On the S2 vs. TOC plot (Figure 6.4), the trend line can be expressed as
S2=aTOC+b,
where the slope a=HI=100*S2/TOC, b is the intercept with S2. When all the kerogen is
converted, S2=0, then TOC= -b/a, which represents the amount of inert carbon. The red
line in Figure 6.4 is HI=650 and the black line is HI=180. They define the boundary between type I and type II, and between type II and type III kerogen, respectively.
Immature source rocks will plot in the upper right of this plot, at or near to the straight
line that defines the original HI for that source rock. As catagenesis proceeds, both S2
and TOC decrease as kerogen is converted to hydrocarbon. If all of the kerogen in the
source rock is of the same composition, and it is all reactive, then the trend will drive toward the origin along a line that is parallel to the original HI (e.g. W02 in this figure).
Mixtures will deviate from this parallel path (e.g. W09 and W10), particularly if some of
that mixture includes inert (refractory, dead, residual) carbon. Additionally, HI decreases
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as maturity increases. As a consequence, the slope of the trendline will be gentler. The
position of samples from the three wells in the S2 vs. TOC plot indicates that they are
typical type II kerogen with minor contributions of type III kerogen. W09 and W10 show
similar maturity trends while W02, from the foredeep, is more mature compared with the
other two wells.
As discussed in section 6.1.5, Tmax is an instrumental temperature that can be used as a
proxy to indicate the thermal maturity of a sample. In the HI vs. Tmax plot (Figure 6.5),
the HI value of type I and type II kerogen is significantly higher than type III kerogen for
immature samples for the reasons previously discussed. However, this relationship is reversed (Cornford et al. 1998) for Tmax values greater than 460 °C because degradation of
type I and II kerogen is almost complete, represented by a diminished HI. Tmax from
W02 is greater than 435 ˚C, indicating that it is thermally mature. With an average Tmax
of 448 ˚C, W02 is within the oil generation window of the catagenesis stage (Figure 6.5).
The average Tmax values from W09 and W10 are 409 ˚C and 413 ˚C, respectively. With
Tmax less than 435 ˚C, these two wells are considered to be thermally immature.
Figure 2.9 shows the regional thermal maturity distribution of the Colorado Group based
on average Tmax values from legacy GSC open file data and Rock-Eval 6 data of W02,
W09, and W10. This map is consistent with previous studies of the lower Colorado
Group. Source rocks are overmature close to the orogenic belt and gradually decrease to
immature toward the northeast. Locally, this trend varies due to the influence of basement
structure, thermal conductivities, and regional hydrodynamics (Bustin 1991). Based on
this map, wells 14-07-036-05W5 (W01), 07-19-045-06W5 (W02), 16-28-041-04W5
(W03), and 06-04-017-13W4 (W06) are considered thermally mature; wells 11-12-00616W4 (W04), 07-04-028-18W4 (W05), 02-34-024-15W4 (W07), 01-11-044-03W2
(W08), 07-33-002-24W2 (W11), 16-18-023-03W4 (W21), and 06-23-043-11W4 (W22)
are thermally immature.
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Figure 6.5 HI vs. Tmax plot of well 07-19-045-06W5 (W02), 07-34-035-01W2 (W09), and 03-22-055-25W3 (W10).

6.2.2

Maceral Types

Petrographic identification of OM types under SEM is difficult since because is no color
difference between each kerogen type. As a result, the morphology of organic particles is
the only clue to their origin. Most observations of kerogen macerals were made using
freshly broken (non-milled) surfaces. On FIB milled sections, it is difficult to distinguish
different maceral types because the original surface texture of the organic matter has been
removed.
Three maceral types were successfully identified. These are inertinite (type IV), vitrinite
(type III) and liptinite (type II or type I). On freshly broken surfaces of mudstones,
inertinite (type IV) can be easily distinguished from other kerogen types. Fusinite is the
most common inertinite type in the lower Colorado Group. The shapes of fusinite are
unique, usually as a form of charcoal (Figure 6.6 and Figure 6.7). Figure 6.6A shows the
shattered remains of tracheids and vessels within charcoal. Some fusinites display intercellular pores (Figure 6.6B and Figure 6.7A). Preserved textures such as biseriate bor-
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dered pits (Figure 6.7B) would be very useful in identifying charcoal type. Based on a
visual comparison with Figure 5b in Falcon-Lang and Scott (2000), the charcoal shown in
Figure 6.7B could be a Dadoxylon-type wood.
According to Jiménez et al. (1998), vitrinite has a woody appearance and conchoidal
fractures on broken surfaces. Such features are observed in the maceral in Figure 6.8,
which is similar to the vitrinite shown in their figure 5d. Therefore, it is probable that it is
a vitrinite maceral. The boundary of the vitrinite is generally well-defined. Compared
with fusinite, vitrinite under SEM appears structureless.
The most common liptinite group maceral identified is alginite. Compressed and deformed telaglinites (a sub-category of alginate, formed by single-celled green alga,
Tasmanites (Taylor and Glick 1998)) are shown in Figure 6.9. The original microfossil
structure is partially preserved, and the vesicle wall is of approximately uniform thickness. In addition to the structured telalginite macerals, amorphous organic matter (AOM)
is commonly observed (Figure 6.10, Figure 6.15, Figure 6.17, Figure 6.18, and Figure
6.20) as a structureless mass that is disseminated within the mudstone matrix.
Buckley and Tyson (2003) and Furmann et al. (1977) indicated that liptinite macerals account for 70% to 95% of organic matter, of which AOM is the most abundant maceral
type in the Belle Fourche Formation and the Second White Specks Formation. In this
study, based on visual estimation of SE and BSE images, alginite macerals constitute less
than 3% of the total disseminated organic matter, terrestrial macerals account for approximately 10%, and the remainder is mostly AOM.
6.2.3

Modes of OM Pores

Based on over 120 milled sections that display OM pores, the Organic Matter Pore Intensity (OMPI) Index diagram was created to illustrate the relative abundance of OM pores
(Figure 6.12). The OMPI Index has five divisions designated as OPMI 0 to OPMI 4 in
order of increasing pore development. Although the actual degree of porosity development is a continuous function, the index is intended to be referenced in discrete integer
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values. OM pores associated with different OMPI levels commonly display unique textures and appearances.
No OM pore development is evident at the OMPI 0 stage (Figure 6.6, Figure 6.7, Figure
6.8, and Figure 6.9). Inertinite (type IV kerogen) is residual carbon, therefore it does not
have hydrocarbon potential. As a consequence, no OM pores have been observed on the
surface of inertinite (Figure 6.6, Figure 6.7, and the top kerogen in Figure 6.11).
OMPI 1 shows sparse distribution of OM pores. OM pores are discrete, and randomly
distributed on the milled surface. The pore shape is uniform and rounded. Figure 6.13
shows woody kerogen macerals with a few rounded and highly spherical OM pores on
the surface (red arrows), with pore diameters as large as 5 μm. Fishman et al. (2012) presented similar observations. Figure 6.14 shows kerogen with abundant rounded OM pores,
with diameters generally less than 1 μm. The sizes of OM pores are mainly less than 100
nm in Figure 6.15, which are much smaller in comparison to the pores in Figure 6.13 and
Figure 6.14. Most OM pores observed on milled surfaces with OMPI 1 indices (e.g. Figure 6.16 and Figure 6.17) have similarly small diameters (< 100 nm). The variation of
sizes of OMPI 1 pores could be a result of maceral composition difference (e.g. Fishman
et al. 2012), or related to different degradation processes (as discussed in Chapter 8).
OMPI 2 is expressed as a moderate development of OM pores. On two-dimensional FIB
milled surfaces, the small openings of OM pores tend to ovalize and eventually start to
coalesce with the surrounding OM pores (Figure 6.18). The shapes of OM pores are irregular due to this connection and range from rounded to elongated. A type example of
OMPI 2 pores is shown in Figure 6.18 (A), with a texture that is similar to a sponge.
OMPI 3 displays a strong vesicularizaion of the kerogen particle (Figure 6.17, Figure
6.19 and Figure 6.22). Abundant OM pores are present and more internal connections are
revealed at this stage. In fields of view that display extensive OM pore development, the
remnants of kerogen exhibit a nodular structure. For example, in Figure 6.17, Figure 6.19
and Figure 6.20, on milled surfaces, green arrows indicate that kerogen is present as individual nodes, as well as the red arrows indicated in Figure 6.22. Figure 6.23 illustrates a
kerogen maceral on a freshly broken surface with rugged appearance and admixed with
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coccolith fragments. Red arrows indicate areas where OM pores of OMPI 3 with the distinctive nodular structure contrasts with the adjacent rugged kerogen.
OMPI 4 is interpreted to be the terminal stage of OM pore development where the degradation of kerogen is complete. The shapes of OM pores are irregular to subrounded with
diameters up to 1 µm (Figure 6.24). The degradation process has consumed the bulk of
the kerogen particle, leaving a residual “rind” surrounding the void. In previous studies,
Curtis et al. (2010) identified kerogen with up to 50 vol. % porosity, and Loucks et al.
(2012) with 41 vol. % porosity. OM pores illustrated in Figure 6.24 occupy almost 90
vol. % of kerogen particles. Rock-Eval data (Appendix 5) shows that the sample W02.05
has a Tmax of 448 °C, suggesting that it is thermally mature.
In general, the size of OM pores increase with increasing OMPI values. Figure 6.21 is a
histogram showing OM pore size distribution in sample W10.21. Most OMPI 1 to OMPI
2 pores are up to 50 nm, with a 230 nm maximum of OMPI 3 pores indicated by the
green arrow.
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A

B

Figure 6.6 BSE Images show inertinite. (A) Kerogen in the middle is fusinite, and the yellow arrow indicates
shattered remains of tracheids. (B) A fusinite maceral with partially preserved intercellular pores (the blue arrows) and tracheids. WD= working distance; Mag= magnification; EHT= electron high tension (accelerating
voltage); QBSD= quadrant backscattering detector; FIB= focused ion beam; SEM= scanning electron microscopy. These acronyms are also used in subsequent images in this chapter.
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A

B
Figure 6.7 BSE images show inertinite. (A) Cross-section view of fusinite. Three intercellular pores are visible
(red arrows). (B)Tracheid wall remains of inertinite (charcoal) shows biseriate bordered pits. Sample W21.30
(102/16-18-023-03W4, 676.57m) and W04.01 (100/11-12-006-16W4, 601.68m).
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Figure 6.8 BSE image shows vitrinite with conchoidal fracture (the yellow arrows). Sample W01.01 (100/14-07036-05W5, 2298.75m).
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A

B
Figure 6.9 (A) and (B) BSE images illustrate telalginites (as indicated by the red arrows). The original microfossil structure is partially preserved, and the vesicle wall is of approximately uniform thickness. Sample W04.02
(100/11-12-006-16W4, 603.60m) and W05.03 (102/07-04-028-18W4, 991.03m)
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Figure 6.10 BSE image shows example of amorphous organic matter (AOM). AOM is dark grey in the image,
and disseminated within the clay matrix. Sample W22.03 (100/06-23-043-11W4, 544.15m).
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Figure 6.11 SEM image illustrates heterogeneity of OM porosity development. Notice that OM porosity development in the kerogen maceral on the top (white arrow) is
limited to isolated nanopores, whereas the kerogen maceral indicated by the red arrow exhibits denser development of nanopores. Sample W09.38 (141/07-34-035-01W2,
224.52 mKB).
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Figure 6.12 The Organic Matter Pore Intensity (OMPI) index for OM pores. This diagram was inspired and
modified after the Bioturbation Index (BI) for sand and mudstone facies from MacEachern et al. (2010). It is
intended to be used as a visual comparator to standardize qualitative assessment of microporosity development
in organic matter. Refer to text for detailed discussion.
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A

B
Figure 6.13 (A) and (B) BSE images illustrate uniform and rounded OM pores (red arrows). Kerogen macerals
are of terrestrial origin. Pore size is up to a few microns.
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Figure 6.14 BSE image shows a denser development of OMPI 1 pores (red arrows). Kerogen maceral is mixed
with clay minerals which suggest a marine origin. Pore size is less than 1 µm.
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Figure 6.15 BSE images show OM pores on a scale of OMPI 1 (A) AOM (dark grey) mixed with matrix minerals.
(B) Higher magnification view of the outlined area in image A. OM pores (the yellow arrows) are visible in AOM.
Pores are rounded to subrounded, with size of less than 100 nm. Sample W22.10 (100/06-23-043-11W4, 550.64m).
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Figure 6.16 SE image shows OM pores (green arrows) on a scale of OMPI 1. Pore sizes are normally less than
100 nm.

Figure 6.17 SE image shows OM pores (green arrows) on a scale from OMPI 1 to OMPI 3. Pink arrows indicate
isolated OM pores of OMPI 1 and green arrows indicate OM pores of OMPI 3 where pores are partially connected and remnant kerogen displays a nodular texture. The contrast in OMPI may result from a difference in
maceral types.
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A

B
Figure 6.18 (A) and (B) SE images illustrate OM pores (green arrows) on a scale of OMPI 2. OM pores display a
sponge-like texture. The kerogen (k) in B is mixed with coccolith fragments (co), suggesting a marine origin.
Sample W08.01 (100/01-11-044-03W2, 10.81m) and W22.13 (100/06-23-043-11W4, 552.79m).
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Figure 6.19 SE image shows OM pores from scale OMPI 1 to OMPI 3. Green arrows indicate OMPI 3 pores
where the remnant kerogen exhibits a characteristic nodular structure. k=kerogen. Sample W10.21 (111/03-22055-25W3, 319.75m).
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A

B
Figure 6.20 (A) SE image shows OM pores from scale OMPI 1 to OMPI 3. Green arrows indicate nodular remnant kerogen. High porosity tends to develop around spherical kerogen. (B) OM pores were selected when
threshold applied to image (A) (method see section 3.5). Sample W10.21 (111/03-22-055-25W3, 319.75m) is
thermally immature.
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Figure 6.21 Pore size analysis of sample in Figure 6.20 by ImageJ. Most of OM pores fall into size classes below
50 nm, and with a maximum 230 nm.
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Figure 6.22 SE images illustrate OM pore of scale OMPI 2- OMPI 3. (A) A large kerogen particle located in the
middle shows abundant OM pores. The kerogen is mixed with detrital quartz and mica, and the amorphous
nature suggest it is of a marine origin. The orientation of clay minerals is parallel to bedding. (B) Higher magnification view of the outlined area in (A). Red arrows indicate areas of OM pores on scale of OMPI 3. Kerogen
remains display nodular texture. Sample W11.07 (131/07-33-002-24W2, 977.50m).
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Figure 6.23 BSE image illustrates kerogen with rugged surface (dark grey). The kerogen maceral is embedded with fragments of coccoliths, which are evidence of a marine origin. Red arrows indicate kerogen remnants that display nodular structure. OMPI 1-OMPI 3. Sample W22.13 (100/06-23-043-11W4, 552.79m).
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Figure 6.24 SE image illustrates OM pores on scale of OMPI 4. This sample is thermally mature. Pore size is up
to 1 µm and OM porosity is greater than 50 vol. % of the kerogen particle. Sample W02.05 (100/07-19-045-06W5,
1799.33m)
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Chapter 7.
7.1

Aggregates

Mudstone Depositional Processes

Numerous papers have been published on the depositional mechanisms of fine-grained
sediments (e.g. McCave 1970; Kuehl et al. 1986; Nittrouer et al. 1986; Alexander et al.
1991; Traykovski et al. 2000; Friedrichs and Wright 2004; Plint et al. 2009; Schieber and
Southard 2009; Grabowski et al. 2011). Traditionally, it was believed that mud, due to its
fine grain size, was deposited from suspension in low energy settings. However, recent
studies (e.g. Schieber and Southard 2009; Macquaker et al. 2010b; Plint et al. 2012a;
Plint 2013) identified sedimentary structures, such as graded beds, combined-flow ripples,
and lags in the mudrocks, suggesting that mud can be deposited in a dynamic environment.
Clays can be deposited as floccules and aggregates, as well as single flakes. There are
two process that are responsible for inter-particle attraction, cohesion and adhesion
(Grabowski et al. 2011). Cohesion is commonly caused by electrical attraction (e.g. Van
der Waals force). Individual clay platelets have elongate faces (about 100 nm to 2 µm)
and thin edges (about 1 nm) (Figure 7.1) (Van Krevelen 1993). Due to isomorphous lattice substitution, faces are always negative charged (van Olphen 1964). However, charge
on the edges is pH-dependent. Under neutral or acidic conditions (pH<=7), edges are positively charged, whereas under alkalic conditions (pH>7), edges have a negative charge
(Figure 7.1). The three different arrangements of clay platelets in suspensions were first
summarized by Van Olphan (1963): edge to face (E-F), edge to edge (E-E), and face to
face (F-F). Edge to face and edge to edge structure, so called ‘card house’ structures
(Goldschmidt 1926) have an open boxwork microfabric (Figure 7.1). Face to face structure tends to compact, forming F-F aggregates (Figure 7.2).
Aylmore and Quirk (1959) suggested that biogenetic aggregation is another important
flocculation mechanism, which is also known as adhesion. Clays, fine silts, and disseminated organic matter can adhere to mucous or extracellular polysaccharides secreted by
microorganisms (Grabowski et al. 2011). This can form aggregate particles with diameters up to silt size (Potter et al. 2005). The size and settling velocity of aggregates are
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controlled by the specific aggregation mechanism (cohesion or adhesion), concentration
of suspended material, turbulence, and the duration of the aggregation process (Nittrouer
et al. 2007).
The nomenclature used to describe clay fabrics can be very variable. For example,
Syvutski (1991) summarized four main types of particle that are commonly suspended in
the ocean water column: aggregates, agglomerates (or ‘organomineralic aggregates’
(OMA) referred to by Macquaker et al. (2010a)), fecal pellets, and floccules (e.g. edge to
face). The term ‘Marine snow’ proposed by Suzuki and Kato (1953) originally described
marine suspended particles, however, it is now commonly referred to as OMA.
Grabowski et al. (2011) suggested the aggregation of particles by cohesion be referred to
as coagulation and adhesion results in flocculation. The term floccules, which was developed in the 1950s (e.g. Lambe 1958) to describe flocculation of clays by cohesion, in
contrast to dispersed clays, has been widely accepted as an alternative name for the card
house structure (EE and EF contacts) (e.g. Talling et al. 2012; Nishida et al. 2013). This
study follows the nomenclature of van Olphen (1963), in which clay fabrics with EE and
EF contacts are named floccules (or flocs) and FF contacts are named FF aggregates. The
aggregation resulting from adhesion is referred to as OMA by Macquaker et al. (2010a).
Pelletization and flocculation are important processes in mud deposition, which allow
mud to be transported as bedload (Potter et al. 2005). Pelletization of clays into
organomineralic aggregates results in a low density sediment, that can be transported at
lower velocities as compared with non-pelletal muds (Goldhaber 2005). The settling velocity generally displays a linear relationship with the concentration of clay flocs, before
reaching a maximum of 10 mm/s (Figure 7.3). Large flocs may have the same settling
rate as fine silt. As the clay concentration increases, the mud displays a hindered setting
(gels), in which cohesive strength increases and settling velocity decreases (McCave
1984). Fluid mud has a concentration of approximately 0.5% to 12% by volume and the
layer thickness is normally less than 1m (Weaver and Pollard 1973; Talling et al. 2012).
It can be transported by gravity flow and undergo slow consolidation (Pettijohn 1987).
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If the water in the depositional basin is denser than the flow (e.g.: from a river mouth)
that delivers the suspended clay, the intruding flow will override the receiving waters,
forming a hypopycnal plume. In fresh water, the mutual repulsion between negativelycharged clay particles tends to suppress coagulation. However, in seawater, the high concentration of dissolved ions can partially neutralize the surface charge on clays, allowing
them to approach sufficiently closely to allow Van der Waals attraction to overcome mutual repulsion, and leads to the formation of aggregate particles (Potter et al. 2005). Because of aggregation, most clay suspended in a river plume settles rapidly within a few
kilometres of the river mouth where it enters the sea (Drake 1976; Schieber 1998).
If the intruding current is denser than the receiving water body, it will generate a
hyperpycnal flow, which is commonly referred to as a turbidity flow (Berner 1980). Turbidity flows are a low-concentration variant of sediment gravity flows, in which gravity
drives the current by operating on the density difference between the ambient fluid and
the turbulent sediment-water mixture in the flow (Lowe 1982); this is an important mechanism that is responsible for delivering fine-grained sediments seaward. Traykovski et al.
(2000) suggested that fluid mud can be generated and transported by sediment gravity
flows initiated by storm wave-induced turbulence. Recently, Macquaker et al. (2010b)
documented the mudstone microfacies succession produced by wave-enhanced sediment
gravity flows (WESGF). Additionally, flume observations by Schieber and Southard
(2009) indicated that mud can be transported as bedload, forming current ripples which
are similar to those formed in sand.
Reworking by waves and currents (a combination of wave-driven oscillatory flow and
unidirectional, gravity-driven relaxation flow due to coastal setup) during storms causes
the settled aggregates to be eroded, resuspended and potentially transported hundreds of
kilometers away from a river mouth. Bulk density and extracellular polymeric substances
(EPS) are the two main factors that affect the erodibility (commonly expressed as erosion
threshold) of muds (Grabowski et al. 2011). Bulk density (the overall density of sediments) shows an inverse relationship with erodibility. Sediments with higher bulk density
are more resistant to erosion. EPS can bind particles through both cohesion and adhesion,
which increases erosion threshold of the sediments. Wave base, the depth limit at which
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orbital motion of water ceases to produce bed shear on the sea floor, is approximately
equal to one half of the surface wavelength. Longer period waves during stronger storm
events result in a deeper wave base, and therefore sediments can be transported further
seaward (Potter et al. 2005).
The Dunvegan Formation of the Colorado Group is characterized by clinoforms in the
NW and graded to tabular strata in the SE (Plint et al. 2009; Plint 2013). This transformation of geometry across the basin is interpreted as a result of decrease in the accommodation to supply ratio (Plint et al. 2009). Mud deposited in the northwest was limited
to 80 km offshore probably due to the thermal circulation and along-shelf geostrophic
flows (Plint et al. 2009); however, mud extends up to hundreds of kilometers offshore
toward the southeast. Plint et al. (2009) suggested the mud was resuspended by frequent
storm reworking at a shallow water depth of 40 m and transported hundreds of kilometers
offshore by storm-driven geostrophic flows. The overlying Kaskapau Formation is characterized by a wedge shape which gradually thins towards the northeast (Killops and
Killops 2009). Frequent resuspension and bedload transport allowed redistribution of
mud further seaward, extending greater than 200 kilometers offshore (Plint et al. 2009;
Plint et al. 2012a). Intraclastic aggregates (section 7.2.2 ), organomineralic aggregates
(section 7.2.3), combined-flow ripples, graded beds, and lags exist within the formation,
which suggests that storm reworking of the sea floor reached over 200 km offshore.
Therefore, the sea level during maximum transgression of the Greenhorn Cycle is above
the effective storm wave base for mud, estimated at a depth of 70 m (Plint et al. 2012a).
Their studies suggested that deposition of mud successions is not necessarily in a low energy, quiet water environment, and the water depth of the WIS was overestimated by earlier authors.
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Figure 7.1 Schematic diagram shows clay fabric associated with different surface charges. Edge to face flocculation results from positively-charged clay platelet edges being attracted to negatively-charged faces, forming a
card house structure. E= edge; F=face. (Dong and Wang 2008)

Figure 7.2 Schematic diagram shows FF aggregates. If two clay platelets are very close, the counterions (e.g.
Ca2+ in the figure) in the double layers are forced into the central plane between platelets. Negatively-charged
clay surfaces will be attracted by the counterions, forming FF aggregates (Van Krevelen 1993).
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Figure 7.3 Diagram illustrating clay concentration in relationship with depositional process and flow character.
(from Berner 1981 after Talling, et al. (2012)).

7.2

Observations and Interpretations

The detrital clays in the sample suite are most commonly preserved in various forms of
aggregate particles. Interpretation of the origin of these various types of aggregate grains
(e.g. mode of transport and distribution) in mudstone can provide insight into the
paleogeographic evolution of the basin, and microporosity preservation in aggregate
grains. Additionally, aggregate particles (e.g. OMA) may play a role in the preservation
and redistribution of disseminated and dissolved organic matter, leading to active carbon
enrichment in source rocks (Macquaker et al. 2010a). Clay floccules and aggregates,
intraclastic aggregates, and organomineralic aggregates will be discussed in the following
sections.
7.2.1

Clay floccules and FF aggregates

Among all the samples, W09.47 from well 141/07-34-035-01W2 of the backbulge is the
only sample in which well-preserved clay flocs were observed (Figure 7.4 and Figure
7.5). This may be due largely to its relatively shallow current burial depth (233.59 m) and
higher silt content (pressure shadow effect, see Chapter 5). Figure 7.4 illustrates clay
floccules on the fresh surface and Figure 7.5 shows floccules on the milled surface. The
EE and EF contacts are visible in both images and the card house fabric with a rough cu-
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bic shape is relatively well-preserved. The card house fabric in Figure 7.4 show a strong
resemblance with the clay fabric formed by the experimental study with clay concentration less than 10g/L from Figure 3 in Nishida et al.’s (2013) study. Their experiment indicated that a low concentration of suspended mud produces randomly-oriented clay particles with a card house structure, whereas a higher concentration of fluid mud can produce more FF aggregates. Figure 7.6 shows well-developed FF aggregates as outlined by
the yellow dashed lines. This sample came from the foredeep of the basin with a relatively deep current burial depth (1866 m). IntraP pores between cleavage planes of clays are
visible. The FF aggregates are compacted and show preferred orientation parallel to bedding. Figure 7.7 shows a sample from the backbulge with a current burial depth of 15.90
m. This sample is less affected by compaction in comparison to samples from the
foredeep region (e.g. Figure 7.8). The porosity is about 9%, based on binary image analysis (method see section 3.5). The yellow arrows indicate bedding- parallel FF aggregates.
InterP pores between clay aggregates and IntraP pores within clay aggregates are clearly
visible. The blue arrows indicate clay aggregates with EE or EF contacts, which suggest a
possible detrital origin for the clay flocs. The dominant FF aggregates, which were likely
formed as a result of clay fabric rearrangement due to compaction, produce a welldefined laminar structure.
Figure 7.9 illustrates sample W09.38 from the same well as the sample in Figure 7.4 and
Figure 7.5, but with a shallower current burial depth (224.52 m). Clay fabrics in Figure
7.9 have more FF contacts and are more orientated compared with the randomly distributed EE and EF contacts in Figure 7.4 and Figure 7.5. In Figure 7.9, micas and most clay
minerals show a preferred orientation which is parallel to bedding. Minor random clay
fabrics are concentrated close to detrital grains (as the yellow arrows indicate), which
may result from the pressure shadow effect. There are two possible reasons responsible
for the difference in the clay fabric distribution between these two samples. Firstly, this
may be due to a different composition. W09.47 has a higher silt content than W09.38; as
a result, detrital silt grains act as a proppant which can reduce the effect of compaction
(Schieber 2010). Secondly, clay concentration may be different during deposition. Based
on Figure 7.3, the abundance of clay flocs in sample W09.47 has an intermediate clay
concentration (corresponding to hindered flocs with 0.7 -7 vol.% clay concentration on
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Figure 7.3), which leads to a hindered floc setting, whereas W09.38 has prominent FF
aggregates, suggesting a high clay concentration, which corresponds to fluid mud with >7
vol.% clay concentration on Figure 7.3.
However, the relative importance of clay concentration or the depositional mechanism is
difficult to identify in these samples because they underwent burial compaction and
diagenesis (e.g. clay transformation). In Nishida et al.’s (2013) experiment, their observation was made on unconsolidated mud, therefore the clay flocs or aggregates show the
original fabric which can be linked to the depositional mechanism. Mudstone porosity at
the time of deposition is typically about 70%, with the major contribution from intraP
pores within EE and EF clay floccules (Singer and Muller 1983). At a depth of 1000 m,
half of the porosity is lost largely due to compaction, and when burial depth reaches 2.5
km, less than 10% porosity is preserved (Hantschel and Kauerauf 2009). The card house
fabric (EE and EF) of clay flocculates is a weak structure and therefore not stable. Under
burial and compaction, EE and EF clay platelets will be reoriented to FF aggregates
which are more stable (O'Brien and Slatt 1990). Therefore, the character of the clay fabric
is largely altered after deposition by the progressive loss of EF and EE fabrics due to
compaction. Additionally, burial diagenesis, such as authigenic clay growth can coat detrital grains and cause reduction of porosity (e.g. Figure 7.5).
Figure 7.8 shows a sample from the foredeep of the WCFB with an intermediate current
burial depth of 603.6 m and Figure 7.9 shows a sample from the back-bulge with a shallow burial depth of 224.52 m. Both samples show well-developed lamination defined by
clay minerals. However, unlike in Figure 7.9, intraP pores within clay aggregates in Figure 7.8 are barely recognizable. Clay fabrics are closely compacted and characterized by
a wispy texture. A possible explanation is that overgrowth of the authigenic clays or clay
transformation took place, such as transformation of the platy smectite to the hairy or
lath-like illite. As a result, due to compaction and burial diagenesis, fewer IntraP pores
and InterP pores between clay aggregates are identified as compared with the pores observed in Figure 7.7. Across the basin, the FF aggregates are more compacted with an
increasing burial depth as indicated by fewer InterP pores and IntraP pores of aggregates.
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Meanwhile, the shape of the FF aggregates is more elongated due to compaction and
some have wispy ends (Figure 7.8). The size of FF aggregates is normally less than 3 µm.
Figure 7.10 and Figure 7.11 (Sample W09.38 and sample W10.15, respectively) illustrate
polished surfaces greater than 60 µm in width which were prepared at the Western
Nanofabrication Facility for observation in a wider field of view. Because this ion polishing procedure is very time consuming and expensive, only two polished sections were
milled. The silt content in these two samples based on BSE images is similar and is approximately 10%. Sample W09.38 is from the backbulge and the clay fabric is relatively
well-oriented, whereas sample W10.15 is from the forebulge with a higher randomlyoriented clay fabric. The current burial depths of W09.38 and W10.15 are 224.52 m and
311.75 m respectively, and Tmax from the Rock-Eval 6 analysis is 414 °C and 415 °C
respectively. This indicates they are both thermally immature and possibly underwent
similar burial diagenesis. Therefore, the difference in clay fabric distribution may result
from different depositional mechanisms. W09.38 is characterized by parallel clay particles which are mostly FF aggregates, whereas the random fabric in W10.15 suggests a
high content of clay flocculates with EE or EF contacts. In most of the foredeep samples,
clays are closely compacted and underwent an extensive burial diagenesis process, which
can make comparison and identification more difficult.
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Figure 7.4 SE image illustrates clay flocculates. The yellow arrows indicate preserved cardhouse structures on
the fresh broken surface from sample W09.47 (141/07-34-035-01W2, 233.59m, Fish Scale Formation). Edge-toedge or edge-to-face contacts between single clay platelet are visible. WD= working distance; Mag= magnification; EHT= electron high tension (accelerating voltage); QBSD= quadrant backscattering detector; FIB= focused ion beam; SEM= scanning electron microscopy. These acronyms are also used in subsequent images in
this chapter.
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Figure 7.5 SE image illustrates the rough cubic- shaped cardhouse structures on a milled surface as shown by
the yellow arrows. This sample is from the backbulge of the basin with a relatively shallow depth of burial. Furthermore, the silt content is higher in the sampled interval, which results in a higher porosity (mainly interP and
intraP pores) compared to other samples from the same well (e.g. Figure 7.10 sampleW09.38). The cardhouse
structure is largely preserved between quartz grains (q), as indicated. Notice the fuzzy boundaries (the blue arrows) around the quartz which are authigenic clays. Sample W09.47 (141/07-34-035-01W2, 233.59m, Fish Scale
Formation).
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Figure 7.6 BSE image illustrates face-to-face aggregates (the yellow dashed lines) and intraclastic aggregates
(the blue dashed lines). The FF aggregates show an elongated shape whereas the IA are rounded, which implies
that the IA are more resistant to compaction. Sample W02.69 (100/07-19-045-06W5, 1866.00m, Belle Fourche
Formation)

Figure 7.8 (A) BSE image illustrates clay aggregates (detail in Figure B), Intraclastic aggregate (detail in Figure
C), and organomineralic aggregate (the green dash line).
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B

C

Figure 7.7 (B) BSE image shows face-to-face contacts (the yellow arrows) and edge-to-edge/edge-to-face contacts
(the blue arrows). Individual aggregates are easily recognizable and clays are parallel to the bedding. The pores
between clay aggregates are visible. The white dots are disseminated pyrite crystals. (C) BSE image shows an
intraclastic aggregate as outlined by the yellow dashed line. The clay fabrics are randomly distributed with no
preferred orientations. In contrast, the OMA and FF aggregates are approximately parallel to the bedding.
Sample W08.03 (100/01-11-044-03W2, 15.90m, the Belle Fourche Formation)

152

Figure 7.8 BSE image illustrates more compacted face-to-face aggregates in the middle of the image, in contrast
to Figure 7.9 and Figure 7.7. FF aggregates are more compacted with less intraP pores. Large detrital micas (the
label m) are at the top of the image. Sample W04.02 (100/11-12-006-16W4, 603.60m, Belle Fourche Formation).
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Figure 7.9 BSE image illustrates compacted clay fabrics. Generally, this milled section shows a well- laminated mudstone. Micas (m) are parallel to the bedding. Most
clays are compacted and show a preferred orientation. The yellow arrows indicate clay platelets that have edge-to-edge or edge-to-face contacts, which suggest a detrital
origin. This random structure by EE or EF contacts is more common where they are close to the detrital grains. This sampleW09.38 (141/07-34-035-01W2, 224.52m,
Belle Fourche Formation) is from the same well as the samples in Figure 7.4 and Figure 7.5.
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Figure 7.10 BSE image illustrates laminated silt-bearing mudstone from sample W09.38 (141/07-34-035-01W2,
224.52m, Belle Fourche Formation). Sample is characterized by parallel clay minerals which are mostly FF contacts. Clay fabrics and organic matter particles generally show preferred orientation parallel to bedding.

Figure 7.11 BSE image illustrates silt-bearing mudstone from sample W10.15 (111/03-22-055-25W3, 311.75m,
Second White Specks Formation). Clay fabrics are predominantly EF and EE contacts. IntraP pores are abundant and their distribution is highly heterogeneous. The lamination is poorly defined compared with the sample
in Figure 7.10.
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7.2.2

Intraclastic aggregates

Intraclastic aggregates (IA) were first described by Plint et al. (2012a). The major component of IA is clay minerals, with minor organic matter and pyrite. IA are formed as a
result of semi-consolidated muds which have been reworked by storm events (Plint et al.
2012a). The semi-consolidated muds are more resistant to compaction and are more cohesive compared to unconsolidated muds. Therefore they are less likely to be disaggregated during erosion and they can be transported as bedload and redeposited as IA (Plint
et al. 2012a). On the contrary, after reworking by storms, the unconsolidated muds are
resuspended and dispersed, forming fluid mud that is transported by density currents.
Semi-consolidated muds have partially undergone compaction and dewatering; as a result,
the subsequent IA is less compacted in comparison to clay flocculates.
Figure 7.12 shows IA, as indicated by the yellow dashed lines. The sample is in the
foredeep segment with a current burial depth of 667.87 m, and the IA are rounded. In
contrast to the clay matrix which is parallel to the bedding, the clay fabric within the IA is
randomly distributed. Figure 7.7B illustrates an IA (the yellow dashed line) from the
backbulge segment with minor organic matter content. Similarly, in Figure 7.6, three
well-developed IA are outlined by the blue lines. The morphology of IA is remarkably
consistent across the basin (e.g. Figure 7.6 (1866 m, foredeep) vs. Figure 7.12 (667.87 m,
distal foredeep) vs Figure 7.7 (15.9 m, backbulge)). The IA are rounded and the
microfabric of the clays within the IA is randomly distributed, suggesting that they have a
relatively high resistance to compaction.
The IA identified in Plint et al.’s (2012a) research are fine-sand to silt sized (250 µm- 3.9
µm). The size of the IA in the sampled units is generally around 2 µm (Figure 7.6, Figure
7.12, and Figure 7.7B). This results from a smaller scale of observation due to the width
of the milled sections being generally less than 20 µm. It is possible that the 2 micron
IA's are components of larger aggregate grains observed using standard petrographic
methods. Additionally, aggregates/floc history (e.g. concentration of aggregates and shear)
influences the size distribution. Generally, high concentration aggregates/flocs formed
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under high concentration have higher fractal dimensions (wide range of sizes), whereas
low concentrations tend to have low fractal dimensions (similar sizes) (Bernard et al.
2012a).
The presence of IA indicates reworking of the seabed, and IA are transported to the distal
part of the basin as bedload. However, the relative abundance of IA is much less compared to the FF aggregates in most of the samples, suggesting that unconsolidated mud
resuspended during storms as FF aggregates is the major source contributing to the sampled unit.

157

A

B
Figure 7.12 (A) and (B) BSE images illustrate Intraclastic aggregates as outlined by the yellow dashed lines. IA
show a distinct morphology compared to the clay matrix. Clay fabrics within the IA display a higher randomness whereas the clay matrix is generally well aligned into FF aggregates. SampleW21.18 (102/16-18-023-03W4,
667.87m, Belle Fourche Formation)
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7.2.3

Organomineralic aggregates

Organomineralic aggregates (OMA) (Macquaker et al. 2010a) are commonly observed in
the sampled units (Figure 7.7, Figure 7.13, Figure 7.14, and Figure 7.15). Macquaker et al.
(2010a) suggested that OMA are formed in the water column associated with phytoplankton blooms. The electrical attraction and extracellular polysaccharides exuded by the
planktonic organisms are the major processes that are responsible for the formation of
OMA. This observation is consistent with modern marine snow, indicating that, instead
of being continuously deposited, OMA are very likely to be associated with episodic phytoplankton blooms.
Van Dongen et al. (1970) suggested that preservation of organic matter in the
Kimmeridge Clay is by long-term photic-zone anoxia due to a high concentration of the
biomarker isorenieratane. However, in the same stratigraphic unit, Macquaker et al.
(2010a) indicated that a homogenized layer (which is the result of bioturbation) was often
found between thin organic-rich beds. This suggests that the bottom water was not persistently anoxic between blooms. Therefore, at least a dyoxic conditions were developed to
enable in-situ fauna (e.g. agglutinated foraminifers) to colonize sediments. Additionally ,
Shanks and Reeder (1993) found that there were anaerobic microbes within marine snows.
Alternatively, Macquaker et al. (2010a) suggested that it is possible that an anoxic microenvironment developed within the OMA, rather than anoxia within the water column. Incorporation of disseminated and dissolved organic matter within the reducing microenvironment of the OMA essentially protects organic matter from mineralization before it is
buried (Macquaker et al. 2010a). Additionally, the organic matter is transported within
aggregates instead of individual particles, which can more rapidly deliver them to the sea
floor and reduce the chance of being mineralized in the water column. Therefore, OMA
leads to better preservation of organic matter.
Since phytoplankton blooms are the primary source of OMA, most organic matter within
OMA is marine type I/II kerogen. Locally, terrestrial type III kerogen may exist (e.g.
Figure 7.15). This suggests that the OMA could be a major source of hydrocarbon gener-
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ation. In addition, the organic content and grain size shows an inverse relationship, which
means that higher sand and silt content results in lower organic matter content (referred
as clastic dilution in Bernard et al. 2012b). For example, Figure 7.4 and Figure 7.5 show
sample W09.47 with high silt content and no organic matter preserved. Within this study,
large non-terrestrial organic matter particles are mainly associated with compacted OMA
(Figure 7.13 to Figure 7.15).
The size of OMA observed ranged from a few microns (e.g. Figure 7.7) to greater than 60
µm (e.g. Figure 7.15). The OMA in Figure 7.13 to Figure 7.15 are compacted and, together with platy clay minerals, define the lamination of samples. In shallow buried samples, organic matter is relatively uncompacted. For example, Figure 7.16 shows a sample
from W08 with a current burial depth of 13.70 m. The shape of organic matter is characterized by subrounded discrete particles compared with the thin, continuous, organic matter that is slightly bent around detrital grains in OMA (Figure 7.14 and Figure 7.10).
Therefore, marine snow had a loose structure during deposition, but as burial depth increased, it was commonly compacted into laminae.

Figure 7.13 A compacted OMA with a major component of kerogen, detrital quartz, clay minerals and pyrite
and bedding-parallel lamination. The organic particles have diffuse boundaries. Sample W07.09 (100/02-34024-15W4, 814.70m, Belle Fourche Formation)
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Figure 7.14 BSE image illustrates OMA. Sample W07.04 (100/02-34-024-15W4, 802.95m, Belle Fourche Formation)

Figure 7.15 BSE image shows the largest OMA observed in the study; the organic matter and platy minerals
define the lamination. The yellow arrow indicates organic matter with possible terrestrial origin. The long axis
of the OMA is greater than 60 µm. Sample W04.07 (100/11-12-006-16W4, 620.57m, Belle Fourche Formation).
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Figure 7.16 BSE image illustrates possible less compacted OMA indicated by the yellow dashlines. The organic
matter particles are relatively uncompacted. Sample W08.02 (100/01-11-044-03W2, 13.71m).
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Chapter 8.
8.1

Discussion

Maceral Types and Organic Matter Pores

Organic matter in sedimentary rocks is heterogeneous due to the variety of biomass
sources (terrestrial and marine) and the various degrees of physicochemical modification
before and after deposition (Taylor and Glick 1998). It has been generally accepted that
different maceral types will affect the degree of formation of OM pores (Loucks et al.
2009; Schieber 2010; Fishman et al. 2012). This phenomenon is illustrated in Figure 6.11,
where OM pores are present in the kerogen particle shown in lower left (the red arrow)
but negligible in kerogen located to the right and above. This heterogeneous OM porosity
development appears to be randomly distributed, but this variable intensity is likely due
to different maceral compositions; the upper kerogen is inertinite (e.g. fusinite with partially preserved intercellular pores), which is relatively resistant to thermal degradation
(Schieber 2010). OM pores preferentially develop in bacterially-degraded organic matter
(e.g. bituminite) (Schieber 2010), which is likely related to the development of high
OMPI (Figure 6.18 and Figure 6.24). In addition to inertinite, alginite (type I kerogen) is
relatively resistant to degradation and requires a higher temperature for thermal decomposition than vitrinite (Taylor and Glick 1998).
Figure 8.1 illustrates co-deposited type I (kalginite), type I/II AOM, and type II/IV
(kwoody) kerogen types. The green arrows indicate abundant OM pores (OMPI 2) that
are associated with type II kerogen, which is mixed with coccolith fragments (Co).
Telalginite, formed by single-celled green alga (Taylor and Glick 1998), is compressed
into a flat disc in the bottom of the SE image (labeled Kalginite). The yellow arrows indicate pores between cell walls of the former alga. However, these pores are considered as
primary pores formed before deposition. Similarly, intercellular pores of higher plants
(e.g. Figure 6.7) constitute primary OM pores. The structure of type III/IV kerogen
(kwoody) is partially preserved and the boundary of the maceral particles is relatively welldefined; therefore, there are sharp boundaries (the red arrows) between kwoody and surrounding coccolith fragments and type II kerogen. The pores at the boundary may be ar-
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tifacts produced during ion milling (e.g. Fishman et al. 2012; Chapter 3.3) or the results
of decompaction. Few OM pores (the white arrows) are developed in kwoody macerals.
Fishman et al. (2012) suggested that the shape and size of OM pores vary with kerogen
type. For example, OM pores within terrestrial macerals are ovoid, isolated, and exhibit
approximately uniform sizes and well-defined boundaries (their figure 10, similar to Figure 6.13). OM pores within marine macerals are irregular in size and shape (their figure
11, similar to Figure 6.16). The oval-like OM pores are very rare in the samples and have
been observed only on broken surfaces. These occurrences, however, exist in both terrestrial kerogen (Figure 6.13) and marine kerogen (Figure 6.14); a compositional control is
not apparent. Most OM pores are generally irregular (e.g. Figure 6.18) and display
marked heterogeneity in size and distribution (see next section).
Classification of macerals using SE and BSE images is tentative at best because crosssectional shape is the only clue to the identity of the material. In the course of this study,
it was possible to occasionally distinguish kerogen macerals with terrestrial vs. marine
affinities on the basis of obvious morphological attributes. Although it was beyond the
scope of this research, maceral identification would benefit from established organic petrography methods. A refined classification of maceral subgroups would be very helpful
to understand how maceral types affect OM pore development.
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Figure 8.1 SE image illustrates different kerogen types and OM pores. Type I (k alginite) has primary OM pores (the yellow arrows) within a compressed alga cell. Type
III/IV (k woody) have few OM pores (the white arrows), whereas abundant OM pores (the green arrows) developed within type II kerogen that is mixed with coccolith
fragments (Co). The red arrows indicate pores at the boundary of kwoody which likely resulted from decompaction or FIB milling artifacts. Sample W11.21 (131/07-33002-24W2, 991.50m). WD= working distance; Mag= magnification; EHT= electron high tension (accelerating voltage); QBSD= quadrant backscattering detector; FIB=
focused ion beam; SEM= scanning electron microscopy. These acronyms are also used in subsequent images in this chapter.
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8.2

Heterogeneity of Organic Matter pores

The development of OM pores within a single kerogen particle can exhibit marked heterogeneity. Examples such as Figure 6.11 suggest that OM pore heterogeneity, in some
cases, is probably due to different maceral composition. Similarly, Figure 8.2 illustrates
OM pore heterogeneity within what appears to be a single kerogen mass. Except for the
region of the kerogen outlined by the red dashed line, all other kerogen in the SE image
shows the appearance of OM pores at a level of OPMI 1 to 3. Within the red dashed region, OM pores are almost absent (OPMI 0). The heterogeneous pore development may
reflect different maceral types as the outlined kerogen is pure (probable terrestrial origin)
whereas the others are mixed with clay and quartz (probable marine origin). This could
result from the deposition of the terrestrial maceral as a transported grain in an otherwise
"normal" marine admixture of planktonic biomass with detrital clay and quartz. Similar
examples are shown in Figure 6.18 and Figure 6.19, which also illustrate heterogeneity of
OM pores that may be related to maceral difference.
The association between OM pore development and intimate admixture with clay platelets is intriguing. The red arrows in Figure 8.2 indicate regions with OMPI 3 pore development. It raises the possibility that clay-kerogen surface chemistry may be catalyzing or
mediating the forward progress of catagenesis (e.g. Figure 6.20 A and Figure 6.22). According to Tannenbaum et al. (1974), phyllosilicate minerals (particularly illite and
montmorillonite) can adsorb large amounts (up to 80%) of total bitumen generated during
their pyrolysis experiments, and preferentially catalyze gas formation over other hydrocarbons. Milliken et al. (2013) defined this development as mineral-associated OM pores;
it is very common in the Marcellus Formation. This association is also commonly observed in the Belle Fourche Formation and the SWS Formation.
Another important factor that needs to be taken into consideration is the preservation of
OM pores. Non-terrestrial organic particles (e.g. OMA) in the sampled units are commonly compacted and display a preferred bedding-parallel orientation. However, the
shapes of most OM pores in these particles are irregular, and seem to be unaffected by
compaction. Loucks et al.(2009) suggested that OM pores that lack preferred orientation
are developed post-compaction. However, shallow samples (e.g. W08.01, current depth
of burial is 10.81 m, Figure 4.31) exhibiting abundant OM pores suggests that OM pores
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were produced during microbial methanogenesis by bacteria that were present in the formation water. Samples from comparatively deep burial depths (e.g. Figure 6.22 and Figure 8.4) have OM pores that do not have a preferred orientation. It is possible that the
growth of OM pores is a continuous process; therefore, it is less affected by compaction.
It is also possible that early formed OM pores by post-depositional bacterial degradation
that resulted in low-temperature methanogenesis are destroyed by compaction. As a result,
it is difficult to estimate the potential impact of compaction on the preservation of OM
pores.
In Figure 8.3, OM pores only formed in the lower right part of the kerogen which is located away from the impingement point of a pyrite framboid. The abundance of OM
pores decreases below the pyrite framboid. There is no apparent visual evidence that the
maceral composition varies between regions of contrasting OPMI. Hence, maceral type
may not play an important role in this situation. The OM pores beneath the framboid can
be lost due to compression under the point contact of the framboid. Therefore, it is possible that local compaction may have influenced OM pore distribution.

8.3

Thermal Maturity vs. Organic Matter Pores

Several authors have proposed that the OM porosity is related to thermal degradation of
organic matter (Ingles 1968; 1972; Loucks et al. 2009; Curtis et al. 2010; Schieber 2010).
Thermal degradation of insoluble kerogen will produce secondary soluble organic matter
in the form of bitumen. Thermal cracking of bitumen can produce oil, gas, and a carbonrich residue called pyrobitumen. Bernard et al. (2012a; 2012b) found that interP and intraP pores are mostly filled with bitumen in mature samples from the Posidonia Shale
(Lower Toarcian, northern Germany). OM pores are particularly developed in pyrobitumen in overmature samples whereas immature and mature samples have no OM pores.
They suggested that OM pores are produced in the gas window.
However, this hypothesis does not appear to agree with the samples analyzed in this
study. Table 8.1 illustrates the average relative abundance of OM pores from each studied
sample. Samples are sorted by increasing thermal maturity (with increasing Tmax) for
comparison. Tmax values for wells W02, W09, and W10 are derived from Rock-Eval 6
analysis, and averaged over the interval of interest. Tmax values of other sampled wells
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are estimated from the regional thermal maturity distribution map of the lower Colorado
Group (Figure 2.9), which is based on a compilation of legacy Rock-Eval data.
Kerogen/maceral type may potentially influence the development of OM pores, and
therefore the comparison of OM pore development in samples with different thermal maturity is made for a single kerogen type. Fecal pellets composed of coccolith fragments
are very common in the samples. The organic matter incorporated within the pellets is
dominated by marine type II kerogen. Type I, III, and IV kerogen are less abundant compared with type II kerogen, and are somewhat hard to identify in the milled surfaces.
Therefore, type II kerogen is preferred for the evaluation of OM pore development in relation to thermal maturity.
Figure 3.7, Figure 6.23, and Figure 8.4 illustrate type II kerogen mixed with coccolith
fragments from samples W01.05, W02.05, and W03.02, respectively. All three samples
are thermally mature according to Table 8.1. However, only W02.05 developed abundant
OM pores (OMPI 4); W03.05 has minor pore development and pores are absent in
W01.05. In contrast, Figure 6.18 B, Figure 8.1, Figure 8.5, Figure 8.6, and Figure 8.7 illustrate the same type of kerogen associated with coccolith fragments from thermally
immature wells W11.21, W10.21, W22.13, W07.01, and W05.07, respectively. The first
three samples display moderate to well-developed OM pores, whereas the last two samples exhibit few OM pores or no OM pores.
Out of thirteen wells, there are seven wells that exhibit well-developed OM pores (Table
8.1). Of these, only W02 is thermally mature according to Rock-Eval data. W01 and W03
are mature but most organic matter does not have OM pores. Interestingly, the two samples which have most abundant OM pores in the sample suite comes from W02 with
highest maturity (Tmax= 448 °C within oil window), and W08 (e.g. Figure 4.31) with
lowest maturity (Tmax < 405 °C) and shallowest current burial depth (< 16 m). For W08,
the shallow burial depth precludes the possibility that the kerogen could undergo thermal
degradation; that process commonly occurs when source rock is buried to depths in excess of 2.5 km. Therefore, it is possible that the OM pores are formed by low-temperature
microbial degradation and accompanying methanogenesis. Additionally, the OM pores
may form prior to deposition (Fishman et al. 2012); mineralization of organic matter in
the water column can be a potential cause.
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There is no evidence that shows increasing abundance of OM pores as thermal maturity
increases. However, it is possible that the evolution of organic matter (not only thermal
maturity, but also pre-depositional modification and early diagenesis process) influences
on the development of OM pores. Under similar thermal maturity conditions, maceral
type is the major control on OM pore development (e.g. inertinite vs. liginite). Additionally, compaction and surface interface chemistry between clay minerals and kerogen may
also produce heterogeneity of OM pore intensity within a kerogen maceral. Further
evaluation, which is beyond the scope of this thesis research, is required to address this
question.
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Figure 8.2 SE image shows heterogeneity of OM pore development. OM pores are only present in the kerogen macerals, which are mixed with clay and quartz grains.
The maceral outlined by the red dashed line exhibits virtually no OM pore development. The occurrence suggests a mixture of marine and terrestrial macerals. Red
arrows indicate the areas with abundant OM pores, in which kerogen remains start to exhibit a distinctive nodular texture (OMPI 2- OMPI 3). Also notice that the
abundant OM pores occur along the boundaries between kerogen and embedded clay minerals.
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Figure 8.3 SE image illustrates heterogeneity of OM pore development. Kerogen above the red dashed line does not have OM pores (OMPI 0); however, kerogen below
the red dashed line displays OM pores on a scale of OMPI 3. Both of the macerals are mixed with clay minerals and are parallel to bedding, suggesting a marine origin.
Note that the shape of the dashed line follows the perimeter of a pyrite framboid which sits on top of the kerogen. The textural evidence suggests that it is possible the
heterogeneity of OM pores is controlled by development of the pyrite framboid, but this might be a coincidental relationship.
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Figure 8.4 SE image illustrates type II organic matter within intraP pores between/within coccolith fragments
(Co). The kerogen particle on top of the coccolith fragment layers has relatively abundant OM pores (OMPI 1,
the yellow arrow) compared with organic matter mixed within the coccolith-rich layer, in which few OM pores
are apparent (the green arrows). Sample W03.02 (100/16-28-041-04W5, 1824.58m). Tmax=436 °C.
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Figure 8.5 SE image illustrates moderate development of OM pores (the yellow arrows) in kerogen mixed with
coccolith fragments (Co). Tmax=413 °C. Sample W10.21 (111/03-22-055-25W3, 319.75m)
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Figure 8.6 SE image shows few OM pores (the yellow arrows) developed in the kerogen mixed with coccolith
fragments (Co). Tmax= 462 C. Sample W07.01 (100/02-34-024-15W4, 798.35m)

Figure 8.7 SE image shows type II kerogen (k) mixed with coccolith fragments (Co). Kerogen within the intraP
pores does not show development of OM pores. Tmax=422 C. Sample W05.07 (102/07-04-028-18W4, 997.10m).
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Table 8.1 Tmax of all 39 samples and the relative abundance of OM pores. The subjective determination of relative abundance is indicated by the color scheme that ranges from cool to hot colors with increasing frequency of
occurrence.

* Tmax from W02, W09 and W10 are averaged Tmax values form Rock-Eval 6 analysis data
(Appendix 5to Appendix 7). Tmax from the remaining wells are estimated based on the thermal
maturity map (Figure 2.9).
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8.4

Abundance and distribution of pores

Table 8.2 shows porosity of each sample based on 2D binary image analysis (method see
section 3.4) of SE images. For each sample, based on the quality (e.g. resolution, width of
view) of SE images, 1 to 4 images were selected for image analysis. A total of 103 SE
images from 41 samples were analyzed. There is no porosity data from sample W09.09
and W22.13 because of poor image quality. According to Furmann et al. (1977), porosity
of the Belle Fourche Formation and the SWS Formation ranges from 1.7 to 5.0 vol%. Our
image analysis results show that porosity of the samples from W02 range from 2.04 to
5.18 % (with an average of 3.84 %), which agrees well with He porosimetry results from
Furmann et al. (1977).
Table 8.3 summarizes the rock composition of samples. The relative abundance of each
composition was determined by visual inspection of FIB-SEM images from multiple ionmilled surfaces for each sample. The five major components of samples are detrital grains
(mainly quartz and feldspar, 15%-80%), clays (4%-82%), carbonates (mainly coccoliths,
0%-80%), organic matter (1%-20%), and pyrite (0%-8%).
Appendix 8 summarizes the relative abundance of the porosity of the major pore types in
the samples, expressed as % of total porosity. Six major pore types are evaluated, including interP pores between grains, interP and intraP pores between/within clays, intraP
within fossils, OM pores, and interX pore within pyrite framboids. Porosity induced by
artifacts during milling and decompaction is common on the milled surfaces; therefore,
the relative abundance of artifact porosity is also evaluated. For example, in Figure 8.8
(W01.12, 2307.04 m), most of the open spaces (the yellow arrows) result from matrix
separation by decompaction; about 95% of total porosity is occupied by decompaction
pores. For samples from shallow-moderate depth of burial, the artifacts are characterized
by pores that developed along grain boundaries (e.g. Figure 5.7) and between clay platelets. Based on visual estimation, 5% -95% of total porosity is assigned to artifact porosity
(Appendix 8). The porosity attributed to each pore type can be calculated by the relative
abundance of each pore type multiplied by total apparent porosity (e.g. for sample
W06.08, interP porosity= 5.57% * 10%=0.557%, Appendix 8).
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Table 8.4 is a stack diagram showing the relative porosity of different pore types. Due to
the restricted field of view of observations (typically < 30 µm), the composition and porosity distribution of different pore types may only partially reflect the petrological and
porosity attributes at larger scales. Although the scaling problem is beyond the scope of
this work, the observed relationships can provide essential information for nanometer
scale analysis.
8.4.1

Total porosity

Figure 8.9 illustrates the porosity of samples from thirteen wells (represented by different
markers) as a function of depth. The porosity of samples from the same well can vary
significantly. Most of the variations result from differences in mineral composition. For
example, W09.47 has a higher detrital grain content (~75%, e.g. Figure 4.14) relative to
W09.24 (29%) and W09.38 (15%, e.g. Figure 7.9); the higher total porosity in W09.47
results from proportionally more detrital grains that have increased resistance to compaction compared with clay-rich samples.
The average porosity of samples from the same well is plotted as a function of average
sample depth in Figure 8.10. Generally, the total porosity decreases with increasing burial
depth, although the scatter is significant. The range of total porosity values from the
depth range between 500 m to 1000m is particularly broad. For example, the total average porosity of W04, W05, and W06 is much lower compared with W11, W21, and W22.
This may reflect different subsidence and uplift histories in different foreland basin segments. The first three wells are from foredeep locations that likely experienced a deeper
maximum depth of burial and greater isostatic rebound/tectonic uplift compared with the
latter three wells located in the forebulge and backbulge segments of the basin.
8.4.2

InterP pores between grains, interP between clay platelets, and intraP
pores within clay aggregates

The interP pores and intraP pores are generally primary pores formed at the time of deposition, which are modified by subsequent compaction and diagenesis (Chapter 5). Specifically, interP pores between grains, interP pores between clay platelets, and intraP
pores within clay aggregates are the dominant pore types that contribute to total porosity
(up to 93%, Table 8.4).
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The relative abundance of interP pores between clay platelets and intraP pores within
clay aggregates from samples from depths greater than one kilometre are significantly
reduced (e.g. Figure 8.4 and Figure 8.8) compared with samples from depths less than
500 m (e.g. Figure 5.5 A and B). This depth-dependant porosity loss is illustrated in Figure 8.11. Additionally, the interP and intraP porosity between and within clays are more
abundant (2.48% to 10.69%) at shallow depths (i.e.: less than 500 metres) compared with
the interP porosity (0.99% to 3.42%) (Figure 8.11). However, the decrease of the interP
and intraP porosity between and within clays is more pronounced. The porosity values for
both pore types have the same range (less than 2.36%) below 1 km depth. An f-test (ftests two sample for variances) was conducted in Excel to compare the sample populations (Table 8.5). The P (F<=f one-tail) value equals 0.0014, indicating that variance interP porosity between grains and interP and intraP porosity between/within clays are different at the 95% significance level. Then a t-test (t-test: two sample assuming unequal
variance) was conducted to compare the significance of the difference of the means of
those porosities below 500m (Table 8.6). The null hypothesis is that the two sample
population means are equal (the hypothesized mean difference = 0). The result shows that
P (T<=t) two-tail value equals 0.0055. The result confirms the alternative hypothesis,
which is the two sample population means are different at the 95% significance level.
The difference is largely due to differences in ductility. Rigid grains, such as quartz and
pyrite, are resistant to compaction therefore can "prop" pores open under moderate stress.
In contrast, clay platelets and aggregates are ductile and easier to deform.
Figure 8.12 compares the relative contributions to total porosity, of interP porosity between grains and interP and intraP porosity between and within clays. For samples with
total porosity greater than 5% (the red dashed line), interP and intraP porosity between
and within clay porosity is the dominant component. The linear regression equation can
be expressed as
ΦT=aΦi +b,
where ΦT is total porosity, and Φi is the porosity component. The intercept b in the linear
regression accounts for some minor contribution to total porosity, which is neither interP
between grains or interP and intraP between or within clays (e.g. interX porosity in pyrite). The slope of the trendline, a, is the ratio between total porosity and the porosity
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component in question, which cannot be less than 1. If a is close to 1, it indicates that Φi
contributes to most of the total porosity; if a is high, it indicates that Φi is a less significant component of total porosity. The slope of the trend line of the interP and intraP porosity between and within clays versus total porosity (a=1.09) is gentle compared with the
slope of the trendline of interP porosity between grains versus total porosity (a=2.76)
(Figure 8.12), suggesting that a decrease of the interP and intraP porosity between and
within clays is the major component responsible for a rapid drop in total porosity. For
samples with total porosity less than 5%, this difference is not obvious.
Figure 8.13 shows interP porosity between clay platelets versus depth, and intraP porosity
within clay aggregates versus depth. For samples with a shallow current depth of burial
(500m, indicated by the red dashed line), intraP within clay aggregates are moderately
abundant. An f-test (two sample for variances) was conducted in Excel for comparison
(Table 8.7). The P (F<=f one-tail) value equals to 0.0049, indicating that the variances of
the two sample populations (interP porosity between clays and intraP porosity within
clays) are different. A t-test (two sample assuming unequal variance) was calculated to
compare the significance of the difference of the means of the two porosity components
below 500m (Table 8.8). The resulting P (T<=t) two-tail value equals 0.23, indicating
that the two sample population means are not significantly different.
Figure 8.14 illustrates the relationship between interP porosity between clay platelets and
intraP porosity within clay aggregates. The trendline (X=Y) indicates where the two porosity values are equal. The possible reasons why intraP porosity within clay aggregates
is locally higher than interP porosity between clay platelets is due to abundant aggregates,
including clay aggregates, intraclastic aggregates, and particularly, clay flocs due to their
significance in contribution to total porosity at the time of deposition (Singer and Muller
1983). For example, sample W09.47 has more clay floccule grains (e.g. Figure 7.5) than
FF clay aggregates; the cardhouse structure of the clay floccules is preserved because of
the relatively shallow burial depth (233.59 m) therefore leading to a high total porosity
(13.28%). Samples W10.15 (311.75 m, e.g. Figure 7.11) and W11.12 (982.5 m, e.g. Figure 5.4) experienced more compaction compared with W09.47 (233.59 m) and therefore
have lower total porosities (Table 8.2, 4.96% and 6.29%, respectively). For these three
samples with abundant EE and EF contacts, intraP porosity within clay aggregates con-
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tributes to more than 40% of total porosity whereas interP porosity contributes less than
20 % of total porosity (Appendix 8). This occurrence suggests that more EE and EF contacts promote the abundance of intraP porosity. Intraclastic aggregates are generally resistant to compaction; therefore, intraP pores within IA are better preserved (e.g. Figure
7.12).
8.4.3

IntraP pores between and within coccolith fragments

Intact and fragmented coccoliths, generally bounded within fecal pellets, are the predominant constituents of the carbonate fraction in the sample suite. The carbonate content
in samples can vary significantly, ranging from 0% to 80% (Table 8.3). The coccoliths
contribute intraP porosity to the total porosity system, and Figure 8.15 confirms that the
percentage of intraP porosity associated with coccoliths increases with increasing carbonate content.
Coccolith debris is closely associated with OM pores (e.g. Figure 8.5 to Figure 8.7),
where amorphous kerogen tends to fill the pores between/within coccoliths fragments.
Milner et al. (2010) suggested that pores between/within “kerogen-coated” nanofossils
are well-connected, and with high effective porosity. Generally, intraP porosity within
fossils is less than 1%. In comparison with interP and intraP between grains and aggregates, compaction does not show strong influence on the intraP porosity within coccoliths,
suggesting that they are generally resistant to compaction (Figure 8.16). Therefore, the
microporosity associated with coccoliths can be very important at deep burial depths
since the primary interP porosity between grains and interP and intraP with clays are
mostly destroyed by compaction and/or occupied by cementation (e.g. in Figure 8.6, the
intraP porosity within fossils contributes to more than 70% of total porosity).
8.4.4

Organic matter pores

The amount of organic matter porosity is very small compared with the other pore types;
it ranges between 0% to1.4%, with an average of 0.1% (Appendix 8). For samples with
high OMPI values, however, OM porosity can account for ~10% of total porosity (e.g.
W08.01, Figure 4.31 and Figure 6.22A). Figure 8.17 shows the plot of organic porosity
versus thermal maturity (measured as Rock-Eval Tmax). There is no correlation between
the OM porosity and maturity level, which is consistent with the discussion in section 8.3.
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8.4.5

Intercrystalline pores within pyrite framboids

As discussed in section 4.2.2, the interX porosity within a pyrite framboid is controlled
by the evolution of the framboid. Late stage overgrowth can occupy most of the pores
(e.g. Figure 8.6). Destruction of the interX porosity can take place during early diagenesis.
For example, the interX porosity of sample W08.03 in Figure 5.5 is completely occluded
due to overgrowth.
Figure 8.18 demonstrates that intercrystalline porosity within pyrite framboids generally
decreases with increased depth, which suggests burial diagenesis may also influence the
preservation of framboid pores. Figure 4.12 illustrates authigenic clays developed on a
framboid surface. Similarly, the interX pores can be occluded by authigenic clays (e.g.
Figure 8.19). In fact, most framboids observed from the foredeep wells W01, 02, and 03
exhibit this characteristic, whereas samples from moderate to shallow depths do not (e.g.
Figure 5.10). Therefore, it is possible that interX pores within pyrite framboids that are
not subject to overgrowth at early diagenesis may be infilled by authigenic clays during
late diagenesis.
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Table 8.2 Quantitative analysis of 2D binary image shows porosity of each sample.
Analyzed SE
Well Location
Sample ID Depth (mKB)
Porosity % Avg. Porosity
Images
W01.01
2298.75
4
6.75
100/14-07-036-05W5 W01.05
2302.06
2
2.18
3.36
W01.12
2307.04
2
1.15
W02.05
1799.33
3
4.66
W02.47
1842.02
2
2.04
100/07-19-045-06W5
3.84
W02.68
1864.62
3
5.18
W02.69
1866.00
3
3.49
W03.02
1824.58
3
3.12
100/16-28-041-04W5
3.71
W03.03
1828.10
2
4.31
W04.01
601.68
2
3.80
100/11-12-006-16W4 W04.02
603.60
3
4.89
4.14
W04.07
620.57
2
3.73
W05.03
991.03
3
6.23
W05.07
997.10
3
2.71
102/07-04-028-18W4
3.71
W05.09
1000.10
2
3.80
W05.17
1016.68
2
2.10
W06.05
631.25
3
2.70
103/06-04-017-13W4
4.14
W06.08
641.30
3
5.57
W07.01
798.35
3
3.37
W07.04
802.95
3
6.38
100/02-34-024-15W4
5.42
W07.06
807.70
3
5.14
W07.09
814.70
2
6.81
W08.01
10.81
3
8.68
100/01-11-044-03W2 W08.02
13.71
3
8.54
10.62
W08.03
15.90
4
14.64
W09.02
186.45
1
7.39
W09.09
193.44
141/07-34-035-01W2 W09.24
8.29
209.43
1
7.45
W09.38
224.52
2
5.03
W09.47
233.59
2
13.28
W10.10
304.95
2
9.78
W10.15
311.75
3
4.96
111/03-22-055-25W3
6.76
W10.16
314.60
1
4.79
W10.21
319.75
2
7.51
W11.07
977.50
3
10.02
131/07-33-002-24W2 W11.12
982.50
3
6.29
6.99
W11.21
991.50
2
4.67
W21.05
658.28
1
9.48
102/16-18-023-03W4 W21.18
667.87
3
9.50
8.45
W21.30
676.57
3
6.36
W22.03
544.15
3
7.13
100/06-23-043-11W4 W22.10
550.64
3
7.26
7.19
W22.13
552.79
TOTAL
103

Tmax (˚C) *

445

448

436
417

422

424

426

405

409

413

426

423

414
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Table 8.3 100% stacked bar diagram shows the framework composition in Lower Colorado Group samples based on visual evaluation of FIB-SEM samples.

183
Table 8.4 Stacked bar diagram shows qualitative evaluation of the relative abundance of the dominant pore types in Lower Colorado Group samples.
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Figure 8.8 SE image shows decompaction effects indicated by the yellow arrows. Almost 95% of visible pores are
artifacts resulting from decompaction. Sample W01.12 (100/14-07-036-05W5, 2307.04m).
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Figure 8.9 Scatter diagram shows the porosity versus depth relationship for each sample. Porosity of samples
from the same well can vary significantly (e.g. W01, W08, and W09), which testifies to the heterogeneous nature
of mudstones.

Figure 8.10 Scatter diagram shows the average porosity of each well as a function of average sample depth. Generally, porosity decreases with increasing depth and drops quickly in the first 1000 m. The dashed oval outlines
samples that come from the foredeep of the basin (W01-W07), which underwent relatively deep burial and
greater isostatic uplift compared with samples from the distal foredeep (W21,W22), forebulge (W10), and back
bulge (W08.W09).
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Figure 8.11 Scatter plot shows interP porosity between grains (the purple markers), and total of interP and intraP porosity between and within clays (the green markers), both as a function of depth. The interP and intraP
porosity between and within clays is relatively high at depths less than 500 metres (the red dashed line) and decreases to values comparable to the interP porosity below this depth.

5%

Figure 8.12 Scatter plot compares the contributions of interP porosity between grains (the purple markers), and
total of interP and intraP porosity between and within clays (the green markers) to total porosity. Above the 5%
total porosity red dashed line, clay porosity is the dominant contributor to total porosity.
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Table 8.5 F-test result of interP porosity between grains and interP and intraP porosity between/within clays of
samples with less than 500 m of burial depth for variances.

Mean
Variance
Observations
df
F
P(F<=f) one-tail
F Critical one-tail

InterP between grains% InterP and IntraP between/within clays%
2.222800926
5.356407315
0.720443182
7.869434633
9
9
8
8
0.091549548
0.001407054
0.290858219

Table 8.6 T-test result of interP porosity between grains and interP and intraP porosity between/within clays of
samples with less than 500 m of burial depth assuming unequal variances.

Mean
Variance
Observations
Hypothesized Mean Diffe
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

InterP between grains% InterP and IntraP between/within clays%
2.222800926
5.356407315
0.720443182
7.869434633
9
9
0
9
-3.20754092
0.005350524
1.833112933
0.010701048
2.262157163
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Figure 8.13 Diagram shows interP porosity between clay platelets (the green diamonds), and intraP porosity
within clay aggregates (the purple squares), both as a function of depth. At depths less than 500m (red dashed
line), intraP within clay aggregates are slightly greater.

Table 8.7 F-test result of interP porosity between clays and intraP porosity within clays of samples with less than
500 m of burial depth for variances.

Mean
Variance
Observations
df
F
P(F<=f) one-tail
F Critical one-tail

InterP between clay platelets% IntraP within clay aggregates%
2.173123796
3.183283519
1.298080672
4.504735595
9
9
8
8
0.288159126
0.048800681
0.290858219
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Table 8.8 T-test result of interP porosity between clays and intraP porosity within clays of samples with less than
500 m of burial depth assuming unequal variances.

Mean
Variance
Observations
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

InterP between clay platelets% IntraP within clay aggregates%
2.173123796
3.183283519
1.298080672
4.504735595
9
9
0
12
-1.258032593
0.116154306
1.782287556
0.232308612
2.17881283

X=Y

Figure 8.14 Diagram illustrates the relationship between interP porosity between clay platelets and intraP porosity within clay aggregates. The trendline (X=Y) indicates where the two porosity values are equal. Abundant
clay aggregates, particularly clay floccules with EE and EF contacts can lead to a higher porosity of the intraP
pores within clay aggregates than interP pores between clay platelets.
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Figure 8.15 Scatter plot showing a linear relationship between carbonate abundance and the contribution of
intraP porosity within fossils to total porosity.

Figure 8.16 Scatter plot showing intraP porosity within fossils versus depth. Generally, the porosity component
is less than 1%. Burial-related porosity destruction is not apparent for this class, suggesting that the carbonate
constituents are relatively resistant to compaction compared with clay aggregates.
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Figure 8.17 Diagram shows organic porosity versus thermal maturity (Tmax). In contrast to the hypothesis that
OM pore abundance increases with thermal maturity, the result displays an opposite relationship.

Figure 8.18 Diagram shows a general decrease of interX porosity within pyrite framboids as depth increases.
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Figure 8.19 SE image illustrates interX pores within pyrite framboid occupied by clays (the yellow arrows).
Sample W02.47 (100/07-19-045-06W5, 1842.02m).

8.5

Preservation, distribution, and deposition mechanism of clay
fabrics

Compactional reorientation of clay fabrics (i.e. EE and EF contacts to FF contacts) is reported by many authors (Ingles 1968; O'Brien 1970; Moon 1972; McConnachie 1974;
Bennett et al. 1977). Therefore, the preservation of clay fabric is expected to vary with
the corresponding maximum depth of burial. Samples in the study come from burial
depths that range from 10.81 m (W08.01) to 2307.04 m (W01.12). The EE and EF contacts of samples from the proximal foredeep is less common due to relatively deep burial;
preservation is generally restricted to regions close to rigid grains (Figure 8.20). In con-
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trast, EE and EF contacts are more common in samples from the distal foredeep,
forebulge, and backbulge segments of the basin (e.g. Figure 7.5, Figure 8.21, and Figure
8.22). This is consistent with the observed decrease of intraP porosity within clay aggregates in relation to increasing burial of depth (Figure 8.13).
The preservation of clay fabrics in the same sample can vary significantly. For example,
Figure 8.22 illustrates clay fabrics that are moderately uncompacted (characterized by
abundant EE and EF contacts (the yellow arrows)) in the left half of the image. In the
right half of the image, clays below the quartz grain (q) are compacted with preferred orientation and characterized by abundant FF contacts (the blue arrows). Furthermore, the
shape of kerogen particles is also affected by compaction. The kerogen (k1) in the left is
relatively equant compared with the elongate kerogen (k2) in the right, and the clays
within k1 exhibit a random distribution (the red arrow) in contrast to clay platelets in k2
(the pink arrow) which show a preferred orientation. The example illustrates the degree to
which clay structure (especially the EE and EF contacts) and kerogen morphology (or
OMA) can be altered by local high stress from quartz grain impingement. Generally, the
deeper the sample is buried, the less original structure is preserved. Nanometre to micron
scale variation of clay structure suggests that they are highly heterogeneous even though
they appear homogeneous to the naked eye.
Figure 7.7B shows sample W08.03 from the backbulge segment of the WCFB. It shows
relatively well-developed FF aggregates with preferred orientation, which is similar to
sample W02.69 from the foredeep. However, the burial depth difference is about 2000 m
between these two samples. Considering that the sample depth of W08.03 is 15.90 metres,
it is possible that the FF aggregates formed at the time of deposition as a result of deposition of fluid mud with high clay concentration (Nishida et al. 2013), rather than due to
compactional reorientation.
Interestingly, clays within organic matter are mostly in the form of single flakes (e.g.
Figure 6.20, Figure 7.14, Figure 7.15, Figure 8.2, and Figure 8.22,), with only one identified aggregate as indicated by the yellow arrow in sample W11.07 (Figure 8.24). Very
fine silt (< 8 μm), mica, and dispersed clay flakes (can be <200 nm) are the common
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minerals that are associated with microbial mats (Figure 8.24). Fishman et al. (2012) suggested that laminar organic matter (e.g. Figure 8.2) results from minerals adhering to the
sticky extracellular polysaccharides exuded during the in-situ growth of bio-mats. Dispersed mineral distribution suggests that growth of microbial mats is syn-depositional.
Therefore, minerals within microbial mats are captured in the moment of deposition (similar to insects frozen in amber). Individual mineral components are comparatively unaffected by diagenesis, possibly due to protection by kerogen, but they may be reoriented
by compactional stress (e.g. Figure 8.22). Abundant individual clay flakes can be identified within organic matter from foredeep (e.g. Figure 4.29) to forebulge (e.g. Figure 4.31)
to backbulge (e.g. Figure 8.2 and Figure 8.24), suggestive of widespread occurrences of
very low clay concentration (0.001-0.1%, Figure 7.3) with dispersed clay deposition during times of microbial mat growth.
The intraclastic aggregates, as discussed in section 7.2.2, are moderately resistant to
compaction. Therefore, the original clay structure in IA, which can be related to transportation and deposition mechanisms, is relatively well preserved in deeply buried samples
(e.g. Figure 7.6) compared with flocs and OMA which are sensitive to compaction.
Intraclastic aggregates are less common than clay aggregates based in this study, but they
do occur across the basin (see Chapter 7); this suggests widespread conditions of seabed
erosion and a relatively energetic depositional setting.
Additionally, Figure 8.25 shows a possible meiofaunal burrow (the blue line) under the
OMA indicated by the yellow dashed line. The burrow is filled with quartz and pyrite,
where the concentration of pyrite within the burrow suggests enhanced bacterial activity.
Below the OMA, the lower half of the image is a clay-rich, well-oriented organic-bearing
layer, whereas the upper half is a comparatively organic-rich unit with more silt content
and random fabric. The two contrasting layers are evidence of rapid changes in mud depositional dynamics, which stands in stark contrast with traditional notions of unvarying,
low-energy conditions for mudstone deposition.
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Figure 8.20 BSE image shows locally preserved EE and EF contacts (the yellow arrows) adjacent to pyrite framboids (pf) and calcite (C) from sample W01.01 (100/14-07-036-05W5, 2298.75m).

Figure 8.21 BSE image illustrates EE and EF contacts of sample W22.10 (100/06-23-043-11W4, 550.64m) from
distal foredeep
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Figure 8.22 BSE image illustrates compaction effects on clay aggregates. The clay fabric in the left of the image is randomly distributed, with abundant EE and EF contacts (the yellow arrows). Additionally, the kerogen (k1) is also relatively uncompacted since embedded clay fabrics do not show preferred orientation. In contrast, below
the large detrital grain (q), clay fabrics are closely compacted and characterized by FF contacts (the blue arrows); clays within the kerogen (k2) show preferred orientation. Sample W21.18 (102/16-18-023-03W4, 667.87m) from the distal foredeep.
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Figure 8.23 BSE image illustrates preferred orientation of clay fabrics (mainly FF contacts as indicated by the
yellow arrows). Sample W02.69 (100/07-19-045-06W5, 1866.00m).

Figure 8.24 BSE image illustrates detrital particles preserved in organic matter. Clays (cl) are dispersed (the
blue arrows) within the organic matter. Quartz (q) and mica (m) are also associated with the organic matter.
The yellow arrow indicates a clay aggregate grain, with visible intraP pores.
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Figure 8.25 BSE image shows two distinct layers. Organic content is significantly higher in the upper layer 1
compared with the lower layer 2. Additionally, clays are well-oriented in layer 2 compared with layer 1. This
occurrence suggests that mudstones are deposited in a relatively dynamic environment. The yellow line indicates
an OMA, and the blue lines indicate a possible meiofaunal burrow which is filled by quartz and pyrites. Sample
W07.04 (100/02-34-024-15W4, 802.95m, Belle Fourche Formation).
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Chapter 9.
9.1

Conclusions and Recommendations

Conclusions

The SEM/BSE study of carbonaceous mudstones of the Belle Fourche Formation and the
Second White Specks Formation provides insights into mudstone pore morphometric
properties, organic matter pore development, and clay fabric deposition/distribution. The
following conclusions can be drawn from this work:
1. Microporosity in the sample suite can be classified using a modified genetic mudstone pore classification after Loucks et al. (2012). There are five major groups:
interparticle pores, intercrystalline pores, intraparticle pores, moldic pores, organic matter pores, and eleven subgroups (Figure 5.2).
2. Interparticle pores between grains, interparticle and intraparticle pores between/within clays, intraparticle pores within fossils, organic matter pores, and intercrystalline pores within pyrite framboids are the six major pore types that contribute to the porosity of the sampled units (Table 8.4).
3. Based on 2D binary image analysis, the total visual porosity generally decreases
with increasing burial depth (Figure 8.10). The observed scatter in visual porosity
of samples from similar depths may reflect different burial history and/or mineral
composition.
4. Interparticle pores between grains, and interparticle and intraparticle pores between/within clays are primary pores formed at the time of deposition. Their porosity decreases with increased depth of burial, mainly through compaction, cementation, and clay transformation. For samples from shallow depths (< 500 m),
interparticle and intraparticle pore between/within clays are more abundant
(Figure 8.11), suggesting that these are the major contributors to the high initial
porosity of mudstone. As burial depth increases, this type of porosity decreases
more rapidly compared with interparticle porosity between grains due to different
ductility. Rigid grains, such as quartz and pyrite, are resistant to compaction,
therefore can "prop" pores open under moderate stress. In contrast, clay platelets
and aggregates are ductile and easier to deform.
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5. Intercrystalline pores in the sample units are mainly within pyrite framboids. The
intercrystalline porosity from shallow buried samples depends on pyrite evolution
during early diagenesis, where pyrite overgrowth can occupy most of the porosity.
Authigenic clays are commonly developed within the intercrystalline porosity in
samples from the deeply buried foredeep area; therefore, the intercrystalline porosity decreases with increased burial depth.
6. Intraparticle pores between/within coccolith fragments are generally resistant to
compaction and are less affected by diagenesis than other porosity types. This
form of porosity can be an important component of total porosity in mudstones
subjected to deep burial.
7. Moldic pores in the samples are commonly associated with the dissolution of foraminifera (high-Mg calcite). However, low-Mg calcite coccoliths are the dominant carbonate constituent and exhibit little evidence of dissolution. Consequently,
moldic pores are uncommon in the sampled units.
8. The Organic Matter Pore Intensity (OMPI) index is proposed as a visual comparator to standardize qualitative assessment of microporosity development in organic
matter pores (Figure 6.12). A scale from OMPI 0 to OMPI 4 is assigned in order
of increasing pore development. Generally, the size of OM pores increase with increasing OMPI values.
9. Organic maceral types exert a strong influence on the development of OM pores.
Inertinite and alginite macerals exhibit limited OM pores, whereas OM pores are
preferentially developed in amorphous organic matter.
10. The size, shape, and spatial distribution of OM pores is heterogeneous, and it is
more pronounced in samples with higher OMPI. Maceral type is the major factor
that leads to heterogeneous development of OM pores within the same sample.
Locally, intense OM pore development (OMPI 3 with nodular kerogen remnants)
is concentrated at the interface between clay minerals and kerogen; phyllosilicates
may catalyze the degradation process.
11. The hypothesis that OM pore development is proportional to thermal maturity is
not supported by the observations. There is no correlation between the abundance
of OM pores within AMO and thermal maturity. Samples from shallow depths
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(<20 m) can exhibit advanced OM pore development, which likely resulted from
consumption by microbial degradation at relatively low temperatures.
12. Clay flocs (Figure 7.5), suggestive of a hindered settling process, are identified in
samples at shallow burial depths. The preservation of EE and EF contacts decreases with increasing burial depth, which makes it progressively more difficult
to interpret the mud depositional mechanism.
13. Intraclastic aggregates are recognized across the basin, but are less common than
clay flocs. The widespread occurrence of IA suggests prevalent conditions of seabed erosion and a relatively energetic depositional setting.
14. Dispersed clays are very common within microbial mats and organomineralic aggregates, suggesting very low clay concentration at the time of microbial mats
growth and formation of OMA. It is possible that aggregation process of OMA in
the water column preferentially attract more dispersed clay rather than clay
flocs/aggregates.
This study first documented the pore types in the Colorado Group and proposed an
OMPI index illustrates evolution stages of OM pores. In addition, porosity distribution of the major pore type was analyzed. Results indicated that interP pores between
grains, interP pores between clay platelets, and intraP pores within clay aggregates
show linear relationship with depth. InterX pores at shallow depth are controlled by
pyrite evolution, which is overgrowth of pyrite during early diagenesis. However, in
deeply-buried samples, late diagenesis has a strong impact, of which growth of authigenic clays occupy most of the interX pores. IntraP pores within fossils are affected
by abundance of coccoliths, where diagenesis and compaction show less influence
compare to other pore types. The abundance of OM pores does not show linear relationship to diagenesis or compaction. Organic matter type and possibly clay chemistry have impact on OM porosity development. Therefore, the mechanism of the development of OM pore is still unclear and requires future research. Different types of
clay fabric have been described in this study provides basic information for quantify
clay fabric, which is essential to predict the Microporosity in mudstones.
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9.2

Recommendations for Future Research

1. In situ organic matter characterization such as organic petrology analysis, or
Scanning transmission X-ray microscopy (STXM) (Ingles 1968) can be very
useful in understanding maceral type controls on the development and heterogeneity of OM pores. Bernard et al. (1968) suggested that OM pores are associated
with pyrobitumen in overmature samples. Therefore, an OM pore morphometric
study on overmature samples can provide more information regarding their development with respect to thermal degradation.
2. Abundant OM pores that developed around clay flakes may result from surface
chemistry between clays and organic matter. A specific chemical reaction analysis is required to exam the possible catalyzing effects on OM pore development.
3. The abundant dispersed clays within microbial mats or OMA may suggest the
affinity between individual clays flakes and organic matter. Therefore, this hypothesis needs to be evaluated.
4. The clay fabrics can be highly heterogeneous. The limited scale of ion-milled
surfaces in this study is sufficient to establish a basic “atlas” of individual clay
fabrics; however, it has limited application for a larger scale interpretation of depositional processes. Polished surfaces with width and length greater than 100
μm are recommended to evaluate the depositional context of the mud microfabrics. Additionally, samples from relatively shallow burial depth may have better
preserved original clay fabrics that would be conducive for the interpretation of
depositional mechanisms.
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Appendices
Appendix 1 Acquisition parameters for Rock-Eval 6 method (Behar et al. 2001).
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Appendix 2 Calculated parameters for Rock-Eval 6 method (Behar et al. 2001).
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Appendix 3 Number of ion-milled cut surfaces and polished surfaces of samples.
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Appendix 4 Legend of symbols used in graphic core logs.
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Appendix 5 Rock-Eval 6 results of samples from well 7-19-45-6W5 (W02) (data from GSC lab).
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Appendix 5 (Continued)

227
Appendix 6 Rock-Eval 6 results of samples from well 7-34-35-1W2 (W09) (data from GSC lab).
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Appendix 6 (Continued)

229
Appendix 7 Rock-Eval 6 results of samples from well 3-22-55-25W3 (W10) (data from GSC lab).
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Appendix 8 Visual estimation of mineral content of samples, and relative abundance of the porosity of different pore types.

Well Location

Sample
ID

Depth
(mKB)

Porosity
%

Detrital grains%

Clay%

W01.01

2298.75
2302.06
2307.04
1799.33
1842.02
1864.62
1866.00
1824.58
1828.10
601.68
603.60
620.57
991.03
997.10
1000.10
1016.68
631.25
641.30
798.35
802.95
807.70
814.70
10.81
13.71
15.90
209.43
224.52
233.59
304.95
311.75
319.75
977.50
982.50
991.50
667.87
676.57
544.15
550.64

6.75
2.18
1.15
4.66
2.04
5.18
3.49
3.12
4.31
3.80
4.89
3.73
6.23
2.71
3.80
2.10
2.70
5.57
3.37
6.38
5.14
6.81
8.68
8.54
14.64
7.45
5.03
13.28
9.78
4.96
7.51
10.02
6.29
4.67
9.50
6.36
7.13
7.26

35%
15%
20%
5%
35%
30%
35%
35%
30%
23%
30%
25%
34%
30%
30%
80%
40%
30%
25%
25%
20%
40%
15%
15%
15%
29%
15%
75%
35%
15%
30%
15%
30%
10%
15%
25%
25%
20%

50%
10%
76%
10%
55%
32%
60%
30%
27%
70%
64%
49%
50%
37%
55%
16%
52%
61%
62%
67%
73%
52%
63%
74%
78%
50%
78%
23%
55%
82%
29%
79%
62%
4%
82%
72%
70%
61%

100/14-07-036-05W5 W01.05

100/07-19-045-06W5

100/16-28-041-04W5
100/11-12-006-16W4

102/07-04-028-18W4

103/06-04-017-13W4

100/02-34-024-15W4

100/01-11-044-03W2

141/07-34-035-01W2

111/03-22-055-25W3

131/07-33-002-24W2
102/16-18-023-03W4
100/06-23-043-11W4

W01.12
W02.05
W02.47
W02.68
W02.69
W03.02
W03.03
W04.01
W04.02
W04.07
W05.03
W05.07
W05.09
W05.17
W06.05
W06.08
W07.01
W07.04
W07.06
W07.09
W08.01
W08.02
W08.03
W09.24
W09.38
W09.47
W10.10
W10.15
W10.21
W11.07
W11.12
W11.21
W21.18
W21.30
W22.03
W22.10

Carbonates% Organic matter%

5%
68%
1%
80%
2%
30%
0%
20%
35%
0%
0%
3%
5%
20%
5%
0%
0%
0%
5%
1%
0%
0%
5%
0%
0%
10%
0%
0%
0%
0%
30%
0%
0%
65%
0%
0%
1%
8%

5%
5%
3%
5%
3%
3%
2%
10%
3%
2%
3%
15%
5%
8%
5%
2%
3%
2%
3%
5%
5%
5%
15%
6%
5%
10%
5%
1%
5%
2%
10%
5%
5%
20%
2%
2%
3%
3%

Pyrite%

InterP between
grains%

5%
2%
2%
0%
5%
5%
3%
5%
5%
5%
3%
8%
6%
5%
5%
2%
5%
7%
5%
2%
2%
3%
2%
5%
2%
1%
2%
1%
5%
1%
1%
1%
3%
1%
1%
1%
1%
8%

33%
3%
2%
10%
40%
24%
25%
30%
42%
44%
34%
40%
32%
35%
40%
75%
30%
30%
35%
35%
30%
40%
20%
25%
20%
30%
27%
25%
35%
20%
25%
23%
25%
14%
10%
15%
40%
30%

InterP between clay IntraP within clay
OM pores%
platelets%
aggregates%

25%
2%
1%
0%
17%
14%
25%
10%
2%
20%
10%
20%
20%
10%
20%
2%
30%
10%
22%
20%
35%
17%
23%
26%
33%
25%
30%
14%
30%
20%
18%
25%
17%
2%
35%
38%
25%
20%

10%
5%
2%
5%
15%
10%
34%
8%
15%
10%
5%
12%
20%
15%
9%
3%
20%
15%
15%
25%
19%
15%
40%
40%
40%
25%
35%
55%
14%
50%
15%
35%
40%
2%
45%
35%
22%
20%

0%
0%
0%
30%
3%
1%
1%
1%
0%
0%
1%
0%
0%
0%
0%
0%
2%
0%
1%
0%
0%
0%
5%
2%
2%
2%
2%
0%
1%
0%
2%
2%
2%
2%
0%
1%
2%
2%

IntraP within
fossils%

1%
20%
0%
50%
2%
35%
0%
20%
20%
0%
0%
3%
5%
10%
3%
0%
0%
0%
5%
0%
0%
0%
5%
0%
0%
8%
0%
0%
0%
0%
30%
0%
0%
65%
0%
0%
0%
15%

InterX
Possible
pyrite
framboid artifacts%
%

1%
0%
0%
0%
3%
1%
0%
1%
1%
1%
10%
5%
3%
5%
8%
0%
3%
30%
2%
0%
1%
8%
2%
2%
0%
0%
1%
1%
10%
0%
0%
0%
1%
0%
0%
1%
1%
3%

30%
70%
95%
5%
20%
15%
15%
30%
20%
25%
40%
20%
20%
25%
20%
20%
15%
15%
20%
20%
15%
20%
5%
5%
5%
10%
5%
5%
10%
10%
10%
15%
15%
15%
10%
10%
10%
10%
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